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 Sucrose from cane and beet sources is greater than 99.8% pure. However, sucrose from 
both sources displays different thermal behavior. In their DSC thermal profiles, cane sucrose 
displays a small endothermic peak (small peak) before the main endothermic peak (large peak), 
which is not present in beet. The presence of the small peak results in a lower onset temperature 
for thermal decomposition in cane sucrose, compared to beet. To compare the thermal behavior 
of these sucrose sources, the kinetic parameters for the thermal decomposition of crystalline cane 
and beet sucrose were determined herein. Since sucrose thermal decomposition is a complicated 
process, causing the formation of decomposition products, loss of crystalline structure, and, at 
sufficiently high temperatures, these events can overlap with true melting, a variety of kinetic 
methods were used to characterize the thermal behavior of the system. 
 Initially, a nonisothermal kinetic method was used to obtain the kinetic parameters for 
cane and beet sucrose thermal decomposition. Commercial beet sucrose (US beet) exhibited a 
higher activation energy (Ea) than either analytical grade (Sigma cane) or commercial cane 
sucrose (US cane), which displayed similar Ea values. The higher Ea for US beet suggested that 
thermal decomposition is inhibited in beet sucrose, compared to cane. The nonisothermal method 
was also used to explore the effect of lot-to-lot variation on the kinetic parameters of Sigma cane 
to fully characterize the thermal behavior of the material. While there were differences in the 
thermal behavior parameters for each lot, the kinetic parameters for the small peak were similar 
for all lots, suggesting that lot-to-lot variation does not lead to differences in the kinetic 
parameters. Although there were not differences in the small peak kinetic parameters, the use of 
several lots does provide a better predictor of the variability that can occur when different lots of 
sucrose are used in a product. 
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 Next, isothermal experiments were performed to assess the accuracy of the kinetic 
parameters obtained from nonisothermal experiments. To compare these experimental 
conditions, the predicted rate constant (k) and half-life (t1/2) values determined from 
nonisothermal experiments were compared to those obtained from isothermal experiments at 
130°C. Based on the results of the isothermal experiments, the nonisothermal kinetic parameters 
overestimate k for cane-sourced sucrose, and underestimate k for beet sucrose. To further 
explore the differences between nonisothermal and isothermal methods, the Ea for sucrose 
thermal decomposition was determined using the isothermal isoconversional kinetic method, 
which allows for the Ea to be determined as a function of the extent of the reaction (α). 
Additionally, the use of isothermal methods allows for the kinetic parameters to be determined 
without the interference of the overlap of true melting. Under isothermal conditions, US cane 
displayed the largest Ea value at 2% α, while the Ea values displayed by Sigma cane and US beet 
at 2% α were similar. Additionally, all sucrose sources exhibited a decrease in Ea as the extent of 
the reaction increased, suggesting autocatalytic behavior. The larger Ea displayed by US cane 
compared to the other sucrose sources may be due to the lower purity of US cane or due to the α 
at which these values were compared, as all sources have similar Ea at 50% conversion. 
 Once the kinetic parameters had been determined using established kinetic methods, 
novel methods to extract the kinetic parameters using data from the reversing heat capacity 
(RevCp) signal from quasi-isothermal (QI) and nonisothermal MDSC experiments were 
examined. For QI-MDSC experiments, the Ea values determined for all sucrose sources from t1/2 
values matched those determined using the isothermal isoconversional method at 50% α. The 
agreement of the Ea values indicates that the t1/2 from the QI-MDSC RevCp signal can be used to 
model the kinetic parameters of a reaction where loss of crystalline structure occurs with thermal 
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decomposition. In comparison, the Ea values determined using the nonisothermal MDSC RevCp 
signal were not equivalent to those obtained from the MDSC total heat flow signal over the same 
range of heating rates. The difference in these values appears to be caused by the onset 
temperature of the MDSC RevCp signal occurring at a higher temperature than that of the total 
heat flow signal, suggesting that the obtained kinetic parameters are for a higher extent of the 
reaction than the values from the total heat flow signal. Although the nonisothermal MDSC 
RevCp signal does not provide equivalent kinetic parameters to the total heat flow signal, both 
the QI and nonisothermal MDSC RevCp signals can be used to explore the mechanism of the 
reaction. Based on the shape of the RevCp signal it is possible to determine if the entire event is 
kinetic (step change) or thermodynamic (peak). If the reaction displays some thermodynamic 
behavior (peak in the RevCp signal), the contribution of the thermodynamic event to the total 
heat flow signal can be semi-quantified based on the ratio of the RevCp and total heat flow peak 
enthalpies at a given heating rate. 
 Finally, the impact of the kinetics of sucrose thermal decomposition on the thermal 
behavior of melt quenched amorphous sucrose was examined by determining the heating rate 
dependence of the glass transition temperature. The Tg of sucrose was lowest at low heating rates 
(0.5 and 1°C/min), increase with increasing heating rate to a heating rate of 17.5°C/min, then 
decrease as the heating rate continued to increase. The decrease at high heating rates is due to the 
higher final temperatures required for complete loss of crystalline structure. In addition to 
examining the heating rate dependence of sucrose, modified forms of the Gordon-Taylor 
equation for ternary and quaternary systems were applied to determine if they could predict the 
Tg of melt quenched amorphous sucrose. None of the modified forms of the Gordon-Taylor 
equation accurately described the experimentally determined Tg at all of the examined heating 
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rates, which may be due to the complicated nature of melt quenched amorphous sucrose. Overall, 
this research provides a detailed understanding of the kinetics of crystalline cane and beet 
sucrose thermal decomposition, which are important when considering the thermal processing of 
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Chapter 1:  Introduction 
1.1 Rationale and Significance 
 Sucrose is an important agricultural commodity used in a multitude of food products, 
with 172.5 million metric tons of sucrose produced in 2016 (Sugar: World Markets and Trade, 
2016). Commercially, sucrose is produced from two plant sources: sugarbeet (Beta vulgaris) and 
sugarcane (Saccharum officinarum). Although refined sucrose from both sources must meet the 
same purity standards (Codex Standard for Sugars, 2001) and both are greater than 99.8% pure 
(Lu, 2016), there has been discussion of whether the plant source of sucrose affects the 
properties of food products, especially the properties of baked goods and confections (Urbanus et 
al., 2014). Additionally, beet and cane sucrose sources exhibit differences in their DSC thermal 
profiles, with a small endothermic peak appearing prior to the large endothermic peak in cane, 
but not beet, sucrose. The presence of the small peak decreases the onset temperature of thermal 
decomposition for cane sucrose compared to beet (Lu et al., 2017). Additionally, when examined 
over a range of heating rates, beet sucrose displays less heating rate dependence than cane 
sucrose. One way to explore these observed differences in the thermal behavior is to model the 
kinetic behavior of sucrose thermal decomposition, which can quantify the kinetic parameters to 
explain thermal behavior differences and investigate the mechanism of the reaction. 
Additionally, knowledge of the kinetic parameters can examine the effect of thermal 
decomposition on other properties of sucrose, such as the glass transition of amorphous sucrose 
prepared under different heating conditions. Thus, the long-term goal of this research is to 
characterize the kinetic behavior of white, refined cane and beet sourced sucrose to understand 
the mechanism driving the thermal behavior differences and to explore the impact of thermal 




 The specific objectives of this research are to: 
 Objective 1: Compare the nonisothermal thermal decomposition kinetic parameters 
(activation energy and pre-exponential factor) of sucrose from cane and beet sources to explain 
the thermal behavior differences between the two sucrose sources (Chapter 3). 
 Objective 2: Explore the effect of lot-to-lot variation on the thermal behavior of 
analytical grade sucrose by comparing the DSC thermal behavior parameters and the kinetic 
parameters of several lots of sucrose from the same manufacturer (Chapter 4). 
 Objective 3: Evaluate the rate constant and half-life values predicted from nonisothermal 
experiments in Objective 1 through comparison with values determined from isothermal 
experiments (Chapter 5). 
 Objective 4: Compare the isothermal thermal decomposition kinetic information 
(activation energy) of sucrose from cane and beet sources to explain the thermal behavior 
differences between the two sucrose sources (Chapter 6). 
 Objective 5: Determine whether the reversing heat capacity signal obtained from MDSC 
experiments can be used to obtain the kinetic parameters for thermal decomposition under 
isothermal (Chapter 7) and nonisothermal (Chapter 8) conditions. 
 Objective 6: Investigate whether a modified form of the Gordon-Taylor equation can 
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Chapter 2:  Literature Review 
2.1 Sucrose 
2.1.1 Structure and Properties 
 Sucrose, Figure 2.1, also known as saccharose, is a non-reducing disaccharide with the 
chemical formula C12H22O11 and a molecular weight of 342.30g/mol. The IUPAC name for 
sucrose is β-D-fructofuranosyl-α-D-glucopyranoside, indicating that sucrose is composed of a 
fructose unit that is present as a five-membered ring and a glucose unit that is present as a six-
membered ring, connected by an α-1,2 glycosidic linkage.  
 In crystalline sucrose, the monosaccharides are fixed in place by hydrogen bonds 
between the O-1f-H…O-2g and O-6f-H…O-5g constituents (Perez, 1995). Sucrose crystallizes 
as an anhydrous monoclinic crystal in the P21 space group, and each sucrose molecule has twelve 
neighbors. The density of a sucrose crystal is approximately 1.588g/cm3 (Knecht, 1990; Perez, 
1995). Powers (1958) notes that variations in the reported density of sucrose, which range from 
1.58 to 1.60 g/cm3, are due to the presence of occlusions within the crystal structure, which have 
been noted by multiple researchers (Lu et al., 2017c; Magne et al., 1998; Powers, 1970, 1958). 
These occlusions can either contain gas pockets or mother liquor, both of which lower the 
density of the crystal (Powers, 1958). The mother liquor occlusions have been noted by Powers 
(1958) to contain soluble organic coloring matter, non-crystalline insoluble matter, and ionized 
salts, in addition to sucrose and water. The 0.01 to 0.04% water present in white refined cane 
sucrose is also contained in mother liquor occlusions (Powers, 1958). The number and size of 
occlusions present within crystalline sucrose depends on the rate of growth, with faster growth 
leading to more occlusions, as well as temperature changes during growth and the presence of 
impurities within the crystal lattice (Kamoda and Yamane, 1960; Powers, 1960). 
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 Although the melting point of sucrose crystals is generally accepted to be 186°C, 
reported values range between 160 and 190°C (Lu, 2016). Powers (1958) suggested that the 
mother liquor occlusions could contribute to the presence of inclusions within the crystal 
structure. Sucrose has a solubility of 2.0741g sucrose/g of water at 25°C (Reiser et al., 1995). 
Sucrose will also adsorb moisture, which can lead to caking of crystalline sucrose stored at 
elevated relative humidity values (Knecht, 1990), either due to capillary condensation or 
deliquescence. The deliquescence point of sucrose is 86.1% RH at 25°C (Lipasek et al., 2013).  
 Chemically, sucrose can participate in many different reactions, with most beginning 
with the breaking of the glycosidic linkage connecting the glucose and fructose units (Knecht, 
1990; Mauch, 1971). These reactions include thermal decomposition of sucrose at elevated 
temperatures, hydrolysis due to the addition of heat or acid in solution, contributing to the 
Maillard reaction after hydrolysis, and alkaline degradation. 
2.1.2 Sources and Production 
 Sucrose is commercially produced from two plant sources, sugarcane (Saccharum 
officinarum), a tall grass that grows in tropical regions, and sugarbeet (Beta vulgaris), a turnip-
like plant that grows in temperate climates (Clarke et al., 1997a; Godshall, 2013). 77% of the 
world’s sucrose is produced from sugarcane and 23% from sugarbeet (Godshall, 2013). In the 
United States, 43% of sucrose is produced from sugarcane and 57% from sugarbeet (McConnell, 
2017). Sucrose from each source follows a similar production process, with juice that is extracted 
from the plant undergoing purification and then evaporation to remove water and allow 
crystallization of sucrose from a supersaturated solution (Godshall, 2013). The same purity 
standards apply to sucrose from both sources (Codex Standard for Sugars, 2001), so any labeling 
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differences (such as calling attention to cane sucrose) are for economic reasons related to 
consumer quality perceptions (Schiweck et al., 2007; Urbanus et al., 2014b). 
 The extraction of sucrose from both sugarcane and sugarbeet requires several steps, and 
there are differences in the process based on sucrose source. Process diagrams illustrating the 
steps required to manufacture sucrose from sugarcane and sugarbeet are included in Figures 2.2 
and 2.3, respectively. 
 Sugarcane undergoes a two-step process to create white refined sugar, with raw sugar 
produced near plantations where sugarcane is grown, then transported to refineries for further 
purification (Clarke et al., 1997a). The production of raw sugar near plantations is done to 
prevent sucrose loss, as cut cane deteriorates quickly and delays in processing lead to a lower 
sucrose yield (Cheesman, 2004; Clarke and Godshall, 1988; Godshall, 2013). 
 Raw sugar production begins with milling of the sugarcane to extract juice from the 
plants (Clarke and Godshall, 1988). The juice is then clarified through heating and the addition 
of lime, which allows impurities, bagasse, and mud to settle out of solution, often with the aid of 
a flocculent. The juice then undergoes evaporation in multiple effect evaporators to increase the 
concentration of sucrose in solution. The solution is then further concentrated under vacuum, and 
seed crystals are added to induce crystallization. The mother liquor is then separated from the 
crystals using centrifugation and reconcentrated in a second crystallization. The raw sugar, which 
is light brown and has a purity of 98 to 98.5%, is then washed and stored before transport to 
refineries (Godshall, 2013). 
 Once at the refineries, raw sugar undergoes affination, where it is mixed with a heavy 
syrup (72 to 75% solids) to remove non-sugars (Clarke and Godshall, 1988; Godshall, 2013). 
Once the syrup coating is removed, the sugar is dissolved in a process referred to as “melting,” to 
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create the melt liquor, which has a concentration of 68 to 73% solids. Next, the liquor again 
undergoes clarification, during which calcium is removed through the addition of phosphoric 
acid or acid phosphate followed by calcium hydroxide (phosphatation) or calcium hydroxide and 
carbon dioxide (carbonation). The liquor is then filtered to remove suspended material and 
undergoes decolorization to remove most of the color from the liquor. Filtration is followed by 
evaporation prior to a four-stage vacuum crystallization. The product of refining is white refined 
sugar, which has a purity greater than 99.8% (Lu, 2016). 
 Sugarbeets undergo a similar process. However, they are normally processed near where 
they are grown, as sugarbeets can be stored for extended periods of time without significant 
deterioration of sucrose (Clarke and Godshall, 1988). Processing begins by slicing sugarbeets 
into cossettes, from which juice that contains 10-15% solids is extracted via diffusion 
(McGinnis, 1982). The juice is then clarified through the addition of lime and carbon dioxide to 
remove inorganic and suspended matter, which is followed by filtration to create clarified juice 
(Clarke and Godshall, 1988). The clarified juice can then undergo sulfitation, where SO2(g) is 
bubbled through the juice to limit color formation, improve boiling properties, and reduce its pH 
(Andrews and Godshall, 2002; Clarke and Godshall, 1988; McGinnis and Cossairt, 1982). After 
sulfitation, the clarified thin juice is then concentrated in multiple effect evaporators to produce 
thick juice, which contains 60-65% solids. The thick juice is crystallized in a three-stage process 
in vacuum pans with the addition of seed crystals. The first crystallization creates white refined 
sugar, while the second and third pans result in less pure raw sugars, which are redissolved for 
further purification. The crystals are separated from the mother liquor using centrifugation. The 
resulting white refined sugar is greater than 99.8% pure (Clarke and Godshall, 1988; Lu, 2016). 
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 The main chemical difference between the refining of sugarcane and sugarbeet is the 
sulfitation step in beet sucrose. Once the SO2(g) is added to the juice, it dissolves to form sulfite 
or sulfate ions (McGinnis and Cossairt, 1982). Sulfate is undesirable because it is chemically 
inactive and inhibits crystallization, increasing molasses yield, but sulfite is desirable because it 
limits color formation by reacting with reducing sugars to form bisulfite adducts (Clarke and 
Godshall, 1988; Shi, 2014). The presence of sulfite likely contributes to the ease of removal of 
coloring material during beet processing compared to cane (Clarke et al., 1997a). The addition of 
sulfite can result in sulfite ions becoming trapped in the mother liquor occlusions that form 
during crystallization, leading to the presence of sulfite in white refined sugar from beet sources 
(Lu et al., 2017c). 
2.1.3 Chemical Differences Based on Sucrose Source 
 In addition to the presence of sulfites in beet, but not cane, sourced sucrose, there are also 
other chemical differences based on sucrose source. Cane and beet sucrose have different ratios 
of 13C to 12C, with a ratio of 1.147 for cane and 2.595 for beet sucrose (Godshall, 2013). Both 
sucrose sources also have distinct trisaccharides, with cane containing kestose and kestose 
isomers (Eggleston and Grisham, 2003; Godshall, 2013; Gross et al., 1962; Morel du Boil, 2003; 
Morel Du Boil, 1996) and theanderose (Morel du Boil, 2003; Morel Du Boil, 1996), while beet 
contains raffinose (Clarke et al., 1992; Godshall, 2013; Gross et al., 1962; Morel du Boil, 2003; 
Tsang et al., 1991). The presence of raffinose is often used to distinguish between cane and beet 
sourced sucrose. Cane sourced sucrose also contains larger amounts of polysaccharides 
(Godshall, 2013). A summary of chemical differences can be found in Table 2.1. 
 Preliminary ICP work performed by Lu (2016) examined Sigma analytical cane, US beet, 
and two commercial cane sucroses, Domino and US cane, to compare inorganic impurities. 
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Sigma analytical cane had the lowest levels of most impurities. Commercial cane sources also 
had a higher calcium content than analytical cane or beet sucrose. US beet sucrose had the 
highest potassium content, and sulfur content when a solution was analyzed. When the sucrose 
was ashed in a muffle furnace for analysis, US cane had a higher sulfur content than US beet. 
Sulfur is a fugitive element, which means that it volatilizes easily, so it may have been lost 
during ashing. Another interesting observation from ashing was the color of the ash, with the ash 
from US beet having a dark grayish color, while the ash from US cane had a white color. Further 
work should be done to explore the inorganic impurities inherent to sucrose, as impurities can 
affect the rate of thermal decomposition (Fagerson, 1969; Hirschmuller, 1953), as will be 
discussed in depth in section 2.1.6.  
2.1.4 Sensory Differences Based on Sucrose Source 
 When comparing the sensory aspects of cane and beet sourced sucrose, cane sucrose is 
generally described as having caramel, molasses, or fruity aromas (Godshall, 2013; Urbanus et 
al., 2014a), while beet sucrose is generally described as having an earthy, off-dairy, or barnyard 
aroma (Acree et al., 1976; Godshall, 2013; Godshall et al., 1997, 1994; Magne et al., 1998; 
Monte and Maga, 1982; Moore et al., 2004; Urbanus et al., 2014a). The compounds responsible 
for these aromas in beet sucrose are geosmin, volatile fatty acids, and 2,5-dimethylpyrazine. 
These molecules are thought to be present in a film surrounding the sucrose crystals (Clarke et 
al., 1997b). These sensory differences are only distinguishable in the aroma or aroma by mouth 
but are not differentiable by taste (Urbanus et al., 2014a). 
 Although the aroma differences are well reported in white refined sucrose, there are 
fewer reports of differences in products made with cane versus beet sucrose. Urbanus et al. 
(2014b) examined whether there was a difference in products when cane or beet sources were 
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used and found that there was discrimination for simple syrup and meringue cookies, but not for 
sugar cookies, pudding, whipped cream, or iced tea. Further examinations of the meringue 
cookies found that those made with beet sucrose had a softer texture and higher moisture content 
and water activity after baking than those made with cane sucrose (Reitz, 2016). The products 
with discriminable differences based on the use of cane or beet sucrose both were approximately 
50% sugar by weight, suggesting that differences arise in products containing higher 
concentrations of sucrose, where sucrose’s thermal behavior and sensory properties have a large 
contribution to the product’s properties. 
2.1.5 Thermal Behavior of Sucrose 
 It has recently been demonstrated that analytical grade crystalline sucrose undergoes 
thermal decomposition prior to and concomitantly with the loss of crystalline structure due to 
melting (Lee et al., 2011a, 2011b), which explains the variation in melting temperatures reported 
for sucrose. Further research demonstrated that commercial cane thermally decomposes prior to 
and concomitantly with the loss of crystalline structure due to melting and commercial beet 
sucrose can thermally decompose at temperatures below the literature reported melting point of 
sucrose (Lu et al., 2017a, 2017b). Since sucrose begins to thermally decompose prior to the 
melting, thermal events observed in Differential Scanning Calorimetry (DSC) are associated with 
thermal decomposition and loss of crystalline structure. Although much of the literature has 
focused solely on the thermal behavior of cane sucrose (Hurtta et al., 2004; Kawakami et al., 
2006; Lee et al., 2011a, 2011b; Lee and Chang, 2009; Lee and Lin, 2007; Magon et al., 2014; 
Reynhardt, 1990; Saavedra-Leos et al., 2012; Shah and Chakradeo, 1936), the thermal behavior 
of beet sucrose has recently been examined (Lu et al., 2017a). 
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 Since crystalline sucrose from both cane and beet sources is greater than 99.8% pure (Lu, 
2016), it is reasonable to expect that sucrose from both sources would exhibit similar thermal 
behavior. However, DSC curves of cane and beet sucrose exhibit two visible differences, as can 
be observed in Figure 2.4. The first difference is the presence of a small endothermic peak prior 
to the main endothermic peak in cane sucrose, a phenomena that has been observed by multiple 
investigators (Beckett et al., 2006; Bhandari and Hartel, 2002; Hurtta et al., 2004; Kinugawa et 
al., 2015; Lee et al., 2011a, 2011b; Lu et al., 2017a; Magon et al., 2014; Saavedra-Leos et al., 
2012), which is not present in beet sucrose. The presence of the small peak in cane-sourced 
sucrose results in the second difference, a lower DSC onset temperature of loss of crystalline 
structure (Tmonset) compared to beet sucrose. Additionally, it has been observed that lower purity 
cane sources, such as sugar in the raw, and cane sources that have undergone sulfitation, such as 
Chinese cane, do not display a small peak in DSC thermograms (Lu et al., 2017a). 
 Several hypotheses have been developed to explain the presence of the small peak. These 
are summarized in Table 2.2 and include: 1) polymorphism (Lee and Chang, 2009; Lee and Lin, 
2007); 2) the presence of impurities and defects within the crystal structure (Beckett et al., 2006; 
Kawakami et al., 2006; Lu et al., 2017c); 3) the influence of water (Beckett et al., 2006; 
Bhandari and Hartel, 2002); 4) the presence of amorphous sucrose (Bhandari and Hartel, 2002; 
Mathlouthi and Roge, 2012); 5) hydrogen bond breaking (Reynhardt, 1990); 6) particle size 
differences (Bhandari and Hartel, 2002; Magon et al., 2014); and 7) thermal decomposition (Lee 
et al., 2011a; Lu et al., 2017b). It has also been observed that the plant source of sucrose appears 
to affect the presence of the small peak (Lu et al., 2017b). While several of these hypotheses 
have merit, some better explain the existing data than others.  
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 Recent work performed by Beckett et al. (2006) suggested that the presence and enthalpy 
of the small peak in cane sucrose could be altered by the removal or inclusion of impurities. By 
recrystallizing sucrose with inorganic salts, such as KCl, NaCl, and K2SO4, the researchers 
observed a decrease in the enthalpy of the small peak and increased the temperature at which it 
appeared in DSC curves, leading to the conclusion that water and the presence of impurities were 
important to the formation of the small peak, while thermal decomposition did not contribute. 
However, the recrystallized sucrose was ground before undergoing DSC analysis. It has since 
been demonstrated that grinding alone can cause the small peak of cane sucrose samples to 
disappear (Lu et al., 2017c), confounding the impact of impurities on the presence of the small 
peak.   
 Further work performed by Lee (2011a, 2011b) and Lu et al. (2017a) demonstrated the 
formation of decomposition products at the onset of the small peak of cane sucrose. However, 
the small peak was not observed in sucrose from beet sources. To explain these differences, Lu et 
al. (Lu et al., 2017c) compared the composition of cane and beet sourced sucrose. The main 
difference in the composition of sucrose from cane and beet sucrose was the presence of sulfite 
in beet-sourced sucrose. It was also observed that the presence and location of the small peak of 
Sigma analytical cane sucrose could be altered by changing the purity of the material, with 
recrystallization in the presence of 0.5% potassium sulfite leading to the disappearance of the 
small peak and increasing the Tmonset value to 190°C. Additionally, Beckett et al. (2006) 
demonstrated that the removal of mineral salts from high-ash sucrose (beet), which initially only 
displayed the large peak with a Tp of 190°C, led to the appearance of the small peak, with a Tp of 
152°C, and the large peak to shift to a lower temperature, with a new Tp of 174°C. Similarly, Lu 
et al. (2017c) recrystallized analytical grade sucrose in HPLC, which lowered the Tmonset of the 
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small peak to 144°C from 152°C, increased the small peak enthalpy from 8 to 106 J/g and caused 
the disappearance of the large peak. Based on these results, it was asserted that “the presence of 
the small endothermic DSC peak is associated with the onset of thermal decomposition of 
sucrose within mother liquor occlusions, initiated by hydrolysis and mediated by the composition 
and chemistry of the sucrose crystal” (Lu et al., 2017c). More simply put, the small peak is 
caused by thermal decomposition that begins in the mother liquor occlusions, the mechanism of 
which is dependent on the chemistry and composition of said occlusions. 
  In addition to the differences in the DSC curves of cane and beet sucrose, beet sucrose 
has less heating rate dependence than cane sucrose when the Tmonset at different heating rates is 
compared. When looking at the difference in Tmonset (ΔTmonset) for cane and beet sucrose from 1 
to 25°C/min, the ΔTmonset was 23.7°C for analytical grade cane, 23.5°C for commercial cane, and 
6.1°C for commercial beet sucrose (Lu et al., 2017a). When comparing these values to the 
categorizations of heating rate dependence defined by Schwenk (2016), both analytical grade and 
commercial cane sucrose display high heating rate dependency (greater than 10°C ΔTmonset), 
while commercial beet sucrose has a medium heating rate dependency (ΔTmonset between 2 and 
10°C) (Lu et al., 2017a). Although the ΔTmonset for beet sucrose is lower than for cane, it is 
substantially larger than that for mannitol, a thermodynamically melting reference material 
which displays low/no heating rate dependency (less than 2°C ΔTmonset), for which the heating 
rate dependency was reported to be 0.30°C by Lee et al. (2011b) and 0.19°C by Schwenk (2016). 
High heating rate dependency is associated with the contribution of kinetic events to the loss of 
crystalline structure, while those in the medium heating rate dependence group are thought to 
have kinetic events contributing to the loss of crystalline structure (Schwenk, 2016). 
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 Further investigation has demonstrated that beet sucrose, although its DSC curve does not 
display the small peak and thermal decomposition components were not observed until after the 
onset of the large peak for experiments at 10°C/min (Lu et al., 2017a, 2017b), can thermally 
decompose when held at temperatures below its melting point (under isothermal conditions). Lu 
et al. (2017a) isothermally heated analytical grade cane, commercial cane, and commercial beet 
sucrose at 160°C, which is below the generally accepted melting point of sucrose of 186°C, for 
180 minutes and monitored color development over that time based on total color difference 
(TCD) values. The TCD was significantly different (p = 0.05) from its “as is” value after 30 
minutes for analytical grade cane, 15 minutes for commercial cane, and 45 minutes for 
commercial beet sucrose. The color change indicates that thermal decomposition is occurring, 
although at a slower rate in beet sucrose compared to cane. Since thermal decomposition occurs 
prior to melting in sucrose, the kinetics of thermal decomposition can be determined for 
crystalline cane and beet sucrose and compared to help explain the differences in thermal 
behavior displayed by the different sucrose sources. To understand the events described by a 
kinetic analysis of sucrose, the mechanism of sucrose thermal decomposition will be explored. 
2.1.6 Thermal Decomposition Reaction Mechanism 
 Sucrose thermal decomposition is a non-enzymatic browning reaction, also known as 
caramelization. Although thermal decomposition and caramelization can be used in relation to 
the same reaction scheme, the term thermal decomposition is traditionally associated with an 
undesirable process that results in loss of sucrose (Eggleston et al., 1996b; Kelly and Brown, 
1978). The use of the term caramelization, on the other hand, is indicative of a desirable process 
associated with flavor and color development in foods and beverages (Kamuf et al., 2003; Kroh, 
1994). The term thermal decomposition will be used herein to describe the non-enzymatic 
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browning of sucrose when subjected to increased temperatures, which could be viewed as either 
desirable or undesirable, depending on the application. 
 The mechanism of thermal decomposition as summarized from literature sources by Lee 
et al. (2011a) is shown in Figure 2.5. Sucrose thermal decomposition begins with the hydrolysis 
of the glycosidic linkage (Clarke et al., 1997a; Hirschmuller, 1953; Mauch, 1971; Quintas et al., 
2007b; Richards and Shafizadeh, 1978; Richards, 1986; Šimkovic et al., 2003) to yield a glucose 
anion and fructocarbocation (Clarke et al., 1997a; Richards, 1986). Hydrolysis of sucrose is 
catalyzed by hydrogen atoms (Kelly and Brown, 1978), which can be derived from the 
dissociation of water at high temperatures, from sucrose itself, and from acidic reaction products 
(Clarke et al., 1997a; Poncini, 1980; Richards, 1986). The glucose anion then reacts with a 
hydrogen ion to form glucose, while the fructocarbocation can participate in several reactions, 
including loss of a hydrogen ion to form anhydrofructose,  non-specific degradation to 5-
hydroxymethylfurfural (HMF), addition of a hydroxide ion to form fructose, or react with 
sucrose to form trisaccharides or other oligosaccharides (Richards and Shafizadeh, 1978; 
Richards, 1986). The multitude of decomposition pathways for fructose explains the higher 
concentrations of glucose than fructose observed in early stages of the reaction (Mauch, 1971; 
Richards and Shafizadeh, 1978) and the earlier appearance of glucose on heating (Lee et al., 
2011a; Lu et al., 2017b). The non-specific degradation of fructose also yields organic acids, 
which can lower the pH of the reaction system, leading to autocatalysis (Eggleston and 
Vercellotti, 2000; Lowary and Richards, 1988).  
 In addition to hydrolysis, sucrose can also dehydrate to form anhydrous sucrose or 
isomerize, although both are minor reactions (Šimkovic et al., 2003). Further steps of the 
reaction yield oligosaccharides and anhydrosaccharides (Defaye and Fernandez, 1994; Defaye 
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and Garcia Fernandez, 1995; Manley-Harris and Richards, 1994; Ratsimba et al., 1999) and 
volatile products (Kroh, 1994). However, these will not be explored herein, as they are not 
products of early stages of the reaction, and require higher temperatures, lower pH values, or 
longer times to form. 
 The rate of thermal decomposition can be affected by the pH or presence of non-sucrose 
impurities in the reaction system. Most research on the factors affecting the rate of sucrose 
thermal decomposition has been performed in solution. It will be noted if any of the factors were 
examined in the solid state. As hydrolysis of the glycosidic linkage is catalyzed by hydrogen 
ions, a lower pH (which indicates a higher concentration of hydrogen ions) increases the rate of 
thermal decomposition (Kelly and Brown, 1978; Mauch, 1971; Poncini, 1980; Schoebel et al., 
1969; Vukov, 1965). It has also been demonstrated that all acids do not increase the rate of 
hydrolysis the same amount, which is thought to be due to deviations in charge ratios and 
electrostatic interactions based on the anion present (Mauch, 1971). 
 In addition to the anion of an acid affecting the acid catalysis of hydrolysis, other 
inorganic salts can also alter the rate of thermal decomposition. A number of different ions 
catalyze the thermal decomposition of sucrose, although cations will be the focus, as it has been 
demonstrated that they alter the reaction rate more than anions (Eggleston et al., 1996b). Sodium 
chloride (Lowary and Richards, 1988; Poncini, 1980; Richards, 1986) and sodium iodide 
(Eggleston et al., 1996a) increase the rate of thermal decomposition in sucrose solutions and 
melts. In melts, it is thought that the sodium increases the dielectric constant of the melt, 
although there is uncertainty as to whether this accelerates the decomposition of sucrose or the 
further decomposition of early reaction products, such as glucose and fructose. In solution, it is 
thought that sodium has a similar effect as other alkali metals, including: potassium chloride 
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(Eggleston et al., 1996b; Poncini, 1980), lithium ions (Eggleston et al., 1996a, 1996b), and 
rubidium ions (Eggleston et al., 1996b), which reduce water structure allowing for increased 
thermal decomposition. Calcium and magnesium ions also increase the rate of thermal 
decomposition (Lowary and Richards, 1988). The effect of these ions is thought to be through 
the formation of metal hydrates, increasing the polarity of the O-H bonds in water, which 
increases its ability to react with the glycosidic linkage of sucrose. The same mechanism is 
thought to apply to catalysis by AlCl3, although it is linked with a larger increase in reaction rate 
than magnesium or calcium ions (Eggleston et al., 1996b). Studies have also demonstrated that 
the presence of glucose and/or fructose in the reaction mixture increases the rate of thermal 
decomposition, as they decompose to form acidic products, which can catalyze the 
decomposition of sucrose (Richards, 1986). 
 It is also possible for impurities to inhibit thermal decomposition. Melanoidins and 
glutamic acid inhibit the reaction, although the mechanism by which inhibition occurs has not 
been explored (Poncini, 1980). Sodium carbonate (Richards, 1986), sodium acetate (Lowary and 
Richards, 1988), magnesium oxide, and magnesium acetate (Eggleston et al., 1996b) all inhibit 
thermal decomposition by acting as buffers and neutralizing acidic reaction products.  
 Recent work also suggests that sulfite may inhibit the thermal decomposition of sucrose, 
as the presence of sulfite has been observed as the primary difference between beet and cane 
sourced sucrose when comparing impurities (Lu et al., 2017c), and beet sucrose decomposes at 
higher temperatures or over longer times than cane sucrose (Lu et al., 2017b). The presence of 
sulfite has been demonstrated to reduce color formation in reactions with reducing sugars 
(McWeeny, 1974) and to inhibit the thermal decomposition of monosaccharides (Shi, 2014). The 
mechanism of inhibition appears to be through the formation of bisulfite adducts from the 
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reaction of sulfite with the carbonyl group of a reducing sugar (Ingles, 1959; McWeeny, 1974), 
suggesting that sulfite could react with glucose and fructose formed after hydrolysis, and limit 
further steps of thermal decomposition. Inhibition in this manner would also reduce autocatalysis 
of the reaction, as it would limit the formation of acidic decomposition products, which may 
explain the thermal differences between beet and cane sucrose.  
2.2 Thermal Analysis Methods 
2.2.1 Differential Scanning Calorimetry (DSC) 
 Differential Scanning Calorimetry (DSC) is a thermal analysis technique that measures 
the difference in heat flow between a sample and reference during a controlled temperature 
program to observe events that occur within the sample (Gabbott, 2008; Thomas and Schmidt, 
2017). There are two types of DSC instruments: power compensation and heat flux (Thomas and 
Schmidt, 2017). A power compensation DSC (Figure 2.6) has separate furnaces for the sample 
and reference, which are subject to the same heating rate (Gabbott, 2008; Thomas and Schmidt, 
2017). To maintain the heating rate in each furnace, the power is increased or reduced as 
necessary and the energy change required is measured directly (Gabbott, 2008). In a heat flux 
DSC (Figure 2.7) there is a common furnace for both the sample and the reference (Thomas and 
Schmidt, 2017), which is heated at a pre-programmed rate. During transitions, the temperature 
difference between sample and reference is measured (Danley, 2003; Gabbott, 2008). The 





where q is the heat flow and R is the thermal resistance (Danley, 2003). However, this equation 
does not account for heat flow within the sensor or between the sensor and pan. It is also only 
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applicable if the DSC is perfectly symmetrical and both the sample and the reference experience 
identical heating rates. 
 Equation 2.2 introduces several terms to account for asymmetry and the extraneous heat 

















In Equation 2.2, ΔT0 is the temperature difference between the sample sensor and the Tzero 
thermocouple, Rs is the thermal resistance of the sample sensor, Rr is the thermal resistance of 
the reference sensor, Cr is the heat capacitance of the reference sensor, Cs is the heat capacitance 
of the sample sensor, dTs/dt is the heating rate of the sample sensor, and dΔT/dt is the difference 
in sample and reference sensor heating rates (Thomas, 2006). The first term is the principle DSC 
heat flow term, which the equation simplifies to if the system is perfectly symmetrical. The 
second term accounts for differences in thermal resistances for the sample and reference sensors; 
the third term accounts for differences between the sample and reference sensor heat 
capacitances; and the fourth term for differences in heating rates. Equation 2.2 can also be 
modified to account for pan heat flow effects (Danley, 2003). 
 Since DSC measures the difference in heat flow between the sample and the reference, 
transitions can be either endothermic, where additional energy is absorbed to complete the 
transition, or exothermic, where energy is released to complete the transition (Thomas and 
Schmidt, 2017). Thermal events commonly observed in DSC are illustrated in Figure 2.8, 
including endothermic events, such as melting and the glass transition, and exothermic events, 
such as cold crystallization, polymer curing, and reactions. DSC can be used in food systems to 
observe the temperature at which many different transitions occur, including the glass transition, 
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melting, percent crystallinity of semi-crystalline materials, the crystallization of amorphous 
materials, denaturation of proteins, and gelatinization of starch. 
 While DSC is a widely used thermal technique, there are some limitations. The greatest 
limitation is that DSC measures the sum of all heat flows. So overlapping events cannot always 
be separated in a DSC curve (Thomas and Schmidt, 2017). Additionally, the structure of a 
sample can change at high temperatures, so the measured structure is not necessarily the original 
structure. It is also not possible to optimize both sensitivity and resolution in a single DSC scan. 
High heating rates provide better sensitivity, while low heating rates provide better resolution 
(Thomas, 2006; Thomas and Schmidt, 2017). Luckily, some of these limitations are negated 
through the use of Modulated Differential Scanning Calorimetry (MDSC), which will be 
discussed in section 2.2.2. 
2.2.2 Modulated Differential Scanning Calorimetry 
 Modulated Differential Scanning Calorimetry (MDSC) is a variation on DSC where a 
sinusoidal (modulated) heating rate is applied over a linear heating rate or isothermal treatment, 
as illustrated in Figure 2.9 (Thomas, 2006). The operator selects the modulation period (time in 
seconds) and modulation temperature amplitude (±°C). Although a modulated temperature 
program is applied, MDSC is not necessarily a heat-cool technique, as heat-only and cool-only 
conditions can be selected. 
 MDSC is a useful thermal analysis technique because it compensates for several of the 
limitations of a standard DSC experiment, including optimizing sensitivity and resolution, 
interpreting complex transitions, and detecting weak transitions. In a standard DSC experiment, 
the sensitivity of an experiment can be increased by increasing the sample size or the heating 
rate. However, both of these changes reduce the resolution of the experiment. In MDSC, the use 
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of two heating rates allows the optimization of both the sensitivity and the resolution. The 
average heating rate (linear) can be slow to improve the resolution, while the modulated heating 
rate can be fast to improve the sensitivity (Thomas, 2006). 
 To consider how MDSC improves an operator’s ability to interpret complex transitions, 






+ 𝑓(𝑇, 𝑡) (2.3) 
In Equation 2.3, dH/dt is the total heat flow signal and is equivalent to standard DSC, Cp(dT/dt) 
is the heat capacity component of the total heat flow, and f(T,t) is the kinetic component of the 
total heat flow, which is the difference between the total heat flow signal and the reversing heat 
flow signal (Thomas, 2006). In standard DSC, only the total heat flow signal is measured. In 
MDSC, this can be separated into reversing (heat capacity) and non-reversing (kinetic) 
components, allowing for the separation of complex transitions, such as a glass transition with 
enthalpic recovery, into their component transitions (Danley, 2003). 
 The reversing heat capacity signal (Rev Cp) typically includes information about heat 
capacity, changes in heat capacity, and some melting (Danley, 2003; Thomas, 2006). It is 
calculated from the amplitudes of the modulated heat flow and heating rate signals as described 




∗ 𝐾𝐶𝑝𝑟𝑒𝑣 (2.4) 
where KCprev is the calibration constant for Rev Cp. The reversing heat capacity signal is 
converted to reversing heat flow by multiplying it by the average heating rate. Equation 2.4 leads 
to the final advantage of MDSC, its improved ability to detect weak transitions. Unlike DSC, 
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which measures the absolute heat flow signal, MDSC uses the ratio of the heat flow and heating 
rate signals, eliminating baseline curvature and drift (Thomas, 2006).  
 Due to the advantages described above, MDSC allows for the detection of certain events 
that cannot be monitored in standard DSC. The non-reversing heat flow monitors kinetic (time-
dependent) processes, such as enthalpic recovery during the glass transition, cold crystallization, 
or crystal perfection (Danley, 2003; Thomas, 2006). The improved sensitivity at low heating 
rates also allows for the observation of kinetic events at lower heating rates than is possible in 
standard DSC and for the use of the heat capacity to monitor transitions in a structure under 
isothermal conditions (Thomas, 2006). 
 Isothermal experiments in MDSC are actually considered quasi-isothermal, as a small 
oscillating temperature program is set over an isothermal experiment. The isothermal run means 
the average heating rate is zero, which removes the dT/dt term from Equation 2.3 (Thomas, 
2006). With a single heating rate, DSC cannot follow changes in heat capacity under isothermal 
conditions. Although this is not a common measurement, the second heating rate (modulated 
heating rate) of MDSC allows observation of changes in structure/heat capacity caused by 
kinetic processes under isothermal conditions (Thomas, 2006).  
2.3 Kinetics 
2.3.1 Kinetic Theory 
 Kinetics is the study of rates and mechanisms of chemical reactions (Engel and Reid, 
2010). The kinetics of a reaction can be investigated to predict the rate of a reaction under a 
range of conditions beyond those studied or to investigate the mechanism of a reaction 
(Vyazovkin and Wight, 1997a). The rate of a reaction is normally expressed as the change in 









where R is the reaction rate, A is species A, υA is related to the stoichiometric coefficient of 
species A, and t is time (House, 1997). The kinetics can also be defined using the rate law, a 
generic example of which is given in Equation 2.6: 
𝑅 = 𝑘[𝐴]𝛼[𝐵]𝛽 (2.6) 
where k is the rate constant, A is reactant A, B is reactant B, α is the reaction order with respect 
to A, and β is the reaction order with respect to B. The rate constant is an empirical value that 
connects concentration and reaction rate. The reaction order indicates how the initial 
concentration of a species affects the rate of the reaction (Engel and Reid, 2010; House, 1997). 
For a first-order reaction that involves a single species, the rate law can be expressed as in 
Equation 2.7: 
𝑅 = 𝑘[𝐴]1 (2.7) 
which can be set equal to a modified version of Equation 2.5 for a first order reaction, resulting 
in Equation 2.8. 
−𝑑[𝐴]
𝑑𝑡
= 𝑘[𝐴] (2.8) 









which allows for the determination of k. Once k has been determined, the half-life (t1/2) of the 









The half-life of the reaction is the time it takes for the reactant concentration to decrease to half 
of its initial value.  
 The equations discussed to this point describe the kinetics at a single temperature. The 
temperature dependence of a reaction can be determined using the Arrhenius equation (Equation 
2.11): 




where R is the gas constant, T is the temperature in Kelvin, A is the pre-exponential factor, 
which empirically relates temperature to the rate constant, and Ea is the activation energy, which 
is the minimum energy needed for the reaction to occur (Engel and Reid, 2010; House, 1997). 
The natural log of the Arrhenius equation can be taken to yield Equation 2.12: 







which allows rate constants determined at several different temperatures to be plotted as ln(k) 
versus 1/T (known as an Arrhenius plot). The regression line from the Arrhenius plot can be used 
to determine the activation energy using Equation 2.13: 
𝐸𝑎 = −𝑚 ∗ 𝑅 (2.13) 
where m is the slope of the regression line from the Arrhenius plot and the pre-exponential factor 
using Equation 2.14: 
𝐴 = exp(𝑏) (2.14) 
where b is the y-intercept from the Arrhenius plot.  
 The rate constant, half-life, activation energy, and pre-exponential factor can be used to 
describe the rate of chemical reactions. The rate constant and half-life connect the rate of the 
reaction to the concentration of reactants, while the activation energy and pre-exponential factor 
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connect the rate constant to temperature. In addition to describing the rates of chemical reactions, 
these values can also be used to compare chemical reactions studied under the same conditions to 
better understand differences in reaction mechanisms. 
2.3.2 Kinetics in Solids 
 An example of the progression of a chemical reaction in a solid is illustrated in Figure 
2.10, in which the reaction proceeds through nucleation and growth, where the reaction starts at 
nucleation sites and then expands through the solid. The progression of the reaction means that 
there is no change in concentration of the reactants as the reaction proceeds, rather there is a 
change in volume of both the products and the reactants. While solid-state kinetics theory draws 
from traditional kinetic methodology, concentration cannot be monitored to express the rate of 
reaction in the solid state (House, 1997). Since concentration change cannot be monitored, the 
kinetic information for solids does not necessarily describe a distinct chemical event, such as a 
transition state, as the rate-limiting step. Rather, the rate-limiting step is usually a physical 
process, such as the diffusion of a reactant through a layer or expansion of the reaction boundary 
(Brown, 2001; House, 1997). The physical mechanism by which the reaction proceeds 
determines the factors that affect the reaction rate, which can include the surface area of the 
reaction zone, the geometry of the growth of nucleation sites, the presence of defects within the 
solid structure, or the occurrence of a phase change during or at the same temperature as the 
reaction. 
 While the kinetic information for reactions in solutions is usually derived from an 
equation similar to Equation 2.8, based on the order of the reaction, kinetic models introduce the 
term α to describe the extent of the reaction since concentration cannot be measured. α can range 





= 𝑘(𝑇)𝑓(𝛼) (2.15) 
is then used to describe the chemical reaction based on the extent of the reaction, where k(T) is 
the rate constant, f(α) is the reaction model with respect to the extent of the reaction, and t is time 
(Vyazovkin and Dollimore, 1996). Temperature dependence is introduced using the Arrhenius 
equation, as described in Equation 2.16. 
𝑑𝛼
𝑑𝑡
= 𝐴 𝑒𝑥𝑝 (−
𝐸𝑎
𝑅𝑇
) 𝑓(𝛼)ℎ(𝑝) (2.16) 
Equation 2.16 introduces the term h(p), which accounts for the influence of partial pressure on 
reversible reactions. The term is generally ignored (Brown, 2001). 
 A number of different reaction models have been developed for reactions in solids based 
on assumptions as to how the reaction proceeds through the solid. The reaction models describe 
how the extent of the reaction changes with time based on a conversion function, which is either 
f(α) from Equation 2.16 or g(α), which is obtained by integrating Equation 2.16 to yield Equation 
2.17 (Brown, 2001). 
𝑔(𝛼) = 𝑘(𝑡 − 𝑡0) (2.17) 
 A selection of commonly used reaction models is summarized in Table 2.3. The model to 
describe a reaction of interest is chosen by determining which model has the best fit to 
experimentally determined α and t data (House, 1997). However, since multiple models may 
have equally good fits, model determination often requires examining the range of α values that 
adequately describes the data and the use of complementary techniques to demonstrate that the 
chosen model accurately describes the reaction mechanism (Brown, 2001). Recently, model-free 
methods that allow for the determination of kinetic information that is not model dependent have 
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gained popularity (“ASTM E698-11,” 2005; Brown et al., 2000; Flynn and Wall, 1966; Ozawa, 
1970; Vyazovkin, 2006, 1997) and will be further discussed in section 2.3.2.2. 
 Kinetic information can be extracted from solid-state reactions using two types of thermal 
treatment: isothermal or non-isothermal. Isothermal treatment involves holding a sample at a 
constant temperature and monitoring α over time. Non-isothermal treatment subjects the sample 
to a usually linear temperature program and determines the temperature at which a reaction 
occurs over several different heating rates. Assumptions, mathematical foundations, and 
advantages and disadvantages of each method will be discussed in the following sections. 
2.3.2.1 Isothermal Kinetic Methods 
 In an isothermal experiment, a sample is heated at a single temperature, and the extent of 
the reaction is monitored over time. In solid samples, two types of thermal behavior are generally 
observed during isothermal decomposition. The first is observing the maximum reaction rate at 
the beginning of the reaction, which then slowly decreases during the reaction, indicating an nth 
order reaction. The second is observing no sign of a reaction or a very low reaction rate at the 
beginning of the reaction, followed by a rising rate that goes through a maximum during the 
experiment, which indicates that the reaction is autocatalytic (Chervina and Bodman, 1997). 
 There are three general methods for extracting kinetic information from isothermal 
experiments. The first involves collecting α and t data and using that to plot g(α) versus t to 
determine the linearity of different models (Brown, 2001; Galwey and Brown, 1995). The data 
can also be used to plot α versus the reduced time (the reduced time removes the induction 
period), which is then compared to different models to find the best fit. The second method 
involves measuring dα/dt, α, and t. dα/dt can then be plotted against α or t to compare to curves 
from different models. The linearity of plots of dα/dt against f(α) can also be determined to 
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determine what model to use for calculating the kinetics. For both of these methods, the rate 
constant can be determined from the slope of the generated plot (Brown, 2001). If the conversion 
function does not change with temperature, an Arrhenius plot can then be used to determine the 
activation energy and pre-exponential factor. 
 The third method is known as isothermal aging and involves holding a sample 
isothermally at a given temperature and then subjecting the heated sample to a non-isothermal 
experiment. Samples held isothermally will display a lower reaction enthalpy in the non-
isothermal scan, as illustrated in Figure 2.11, because part of the material has already reacted. By 
comparing the reaction enthalpy of an isothermally aged sample to that of an “as is” sample, the 
extent of the reaction can be determined. Isothermal aging can be performed at several 
temperatures to determine the kinetic information for a reaction by determining the half-life 
based on the time it takes for half of the sample to react, from which the rest of the kinetic 
information can be extracted using an Arrhenius plot. 
 Isothermal techniques have several advantages over non-isothermal methods. They avoid 
phase changes and interfering reactions that can be present at high temperatures (Duswalt, 1974; 
Widmann, 1975) and require fewer mathematical assumptions (Galwey and Brown, 1995) than 
non-isothermal methods. However, it has been reported that the time it takes for a sample to 
reach the experimental temperature can distort the resulting kinetic information (Brown, 2001; 
Coats and Redfern, 1963; Lázaro et al., 1998). 
2.3.2.2 Non-Isothermal Kinetic Methods 
 Kinetic studies using thermal analysis to examine reactions in the solid state often use 
non-isothermal kinetic methods (Ager et al., 1986; Augis and Bennett, 1978; Brown, 2001; Fava, 
1968; Jankovic, 2010; Prout and Tompkins, 1944; Tsubaki et al., 2013; Varhegyi et al., 1989). 
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Non-isothermal kinetic methods were developed to extract kinetic parameters from thermal 
analysis experiments in which a sample is heated at a given rate. Experimentally, the 
equilibration of a sample to the desired temperature is removed, preventing the kinetic distortion 
possible in isothermal experiments (Brown, 2001; Coats and Redfern, 1963; Lázaro et al., 1998). 
Additionally, non-isothermal experiments require less time (Brown and Phillpots, 1978), allow 
for the examination of kinetics over a range of temperatures (Coats and Redfern, 1963; Lázaro et 
al., 1998), the observation of shoulders or multiple peaks that can indicate the presence of 
multiple processes (Ozawa, 1976), and are applicable to many types of reactions (Duswalt, 
1974). 
 The theoretical basis of non-isothermal kinetic methods is the introduction of a heating 
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where g(α) is the integral form of the conversion function. In this case, the kinetic triplet for a 
reaction could be described by the Ea, A, and either f(α) or g(α). However, the development of 
model-free methods (“ASTM E698-11,” 2005; Brown et al., 2000; Flynn and Wall, 1966; 
Ozawa, 1970; Vyazovkin, 2006, 1997) has allowed for the determination of the Ea and A without 
fitting a model based on f(α) or g(α). 
 Model-free kinetic methods are also known as isoconversional methods (Brown, 2001), 
as they require examining a reaction over at least three different heating rates, and determining 
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the temperature at the same extent of reaction at each heating rate. Determining the reaction rate 
at the same extent of reaction is based on the assumption that at a constant extent of reaction the 
reaction rate is only a function of temperature. To account for this mathematically, a more 
general integral of Equation 2.14 can be taken, resulting in Equation 2.19: 







in which T(t) is the heating program. Since the integral in Equation 2.19 cannot be directly 
solved, an approximation is generally taken, yielding Equation 2.20: 






which allows for the creation of an Arrhenius plot by plotting ln(ß) against 1/T, where T is the 
temperature at a given degree of conversion, to determine the values of the Ea and A (Flynn and 
Wall, 1966; Ozawa, 1970). 
 The non-isothermal kinetic method recommended by ASTM (“ASTM E698-11,” 2005) is 
based on the isoconversional methods developed by Flynn and Wall (1966) and Ozawa (1970). 
In this method, the Arrhenius plot has log10(ß) plotted against 1/T. The slope of the best-fit line 
from the plot is then used to calculate the Ea using Equation 2.21: 
𝐸𝑎 = −2.19 𝑅 𝑚 (2.21) 
where R is the gas constant and m is the slope of the best-fit line. The value of the Ea is then 





where T is the temperature from a heating rate in the middle of the studied range. Once D is 






 𝑚 (2.23) 








where ß and T are a heating rate and temperature from the middle of the studied range of heating 
rates. These values can then be plugged into Equations 2.10 and 2.11 to determine the half-life 
and rate constant. Although modern computers are capable of better approximations of the 
temperature integral than were originally developed, often by using non-linear programs 
(Vyazovkin, 1997), the iterative correction of the activation energy corrects for errors in the 
original approximations. 
 Although the Arrhenius plots utilized by all of these methods are expected to be linear, 
changes of slope in the plots have been observed (Lu et al., 2017a; Ozawa, 1976). Changes in the 
slope of an Arrhenius plot indicates the presence of multiple processes with different activation 
energies in the examined thermal event (Flynn, 1988, 1980; Lázaro et al., 1998; Ozawa, 1976). 
This dependence can be used to separate thermal events with large differences in their Ea, as 
reactions with low Ea dominate at slow heating rates, while those with high Ea dominate at high 
heating rates (Flynn, 1980). Reactions with similar activation energies cannot be separated. 
 While multiple processes with large differences in Ea can be observed in Arrhenius plots, 
non-isothermal kinetics cannot measure elementary chemical steps, so the observed values are 
for a process rather than a single chemical reaction (Vyazovkin, 2000). Additionally, the 
Arrhenius constants are not necessarily constant over the full range of conversion (α = 0 to α = 
1), so there may be variation in the values at extremely low and high degrees of conversion 
(Vyazovkin and Wight, 1997a). 
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 Inconsistency between kinetic parameters for a reaction determined using non-isothermal 
and isothermal kinetic methods has been reported (Maciejewski, 2000; Vyazovkin and Wight, 
1997b). These variations can be due to differences in the temperature range at which the 
reactions were studied in isothermal versus non-isothermal experiments, the force fitting of 
models, and the temperature dependence of competing reactions in non-isothermal experiments. 
In addition to these issues, the overlapping of melting with decomposition can also influence the 
reaction, although the effects are not well studied (Galwey, 1994).  
2.3.3 Sucrose Kinetic Parameters 
2.3.3.1 Aqueous Kinetic Parameters 
  Previous studies of sucrose thermal decomposition in solution have found that hydrolysis 
of the glycosidic linkage is a pseudo-first order reaction (Arena et al., 2001; Eggleston, 1996; 
Kelly and Brown, 1978; Mauch, 1971; Richards and Shafizadeh, 1978; Schoebel et al., 1969; 
Vukov, 1965). The previously determined kinetic constants for sucrose thermal decomposition 
are reported in Table 2.4. The reported Ea range from 94.64 to 279.49 kJ/mol, however, these 
values were determined using three different methods. As such, it is important to consider the 
portion of the chemical reaction that is examined in each method. 
 Buera et al. (1987) measured the color change of a 0.27M sucrose solution with a water 
activity adjusted to of 0.90 through the addition of NaCl to model the kinetics of non-enzymatic 
browning of sucrose and other sugars. By examining color change, the kinetic parameters 
describe later steps in the sucrose thermal decomposition reaction schema, as color change 
occurs through polymerization of monosaccharide units and the non-specific degradation of 
fructose. Since the color change occurs at a later stage of the reaction, the high reported value is 
not accurate for early stages of sucrose thermal decomposition. Additionally, sodium chloride is 
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known to increase the rate of thermal decomposition of sucrose solutions (Lowary and Richards, 
1988; Poncini, 1980; Richards, 1986), although this may not affect later stages of thermal 
decomposition associated with color formation. The other high Ea, reported by Arena et al. 
(2001) is based on the formation of HMF, and also does not describe early stages of sucrose 
thermal decomposition. 
 The rest of the reported Ea values in Table 2.4 were determined based on the change in 
sucrose concentration, which indicates that they are representative of early stages of sucrose 
thermal decomposition. When only examining these studies, the Ea for sucrose thermal 
decomposition in aqueous solutions ranges from 94.64 to 111.81 kJ/mol. The range of these 
values may be due to differences in the sucrose concentration and temperature at which the 
values were determined. Vukov (1965) summarized Ea values reported for reactions studied 
between 20 and 130°C, which ranged from 105 to 112 kJ/mol, the average value is reported in 
Table 2.4. The concentration at which the Ea values were determined is not specified, although it 
was likely done in dilute solutions, as it notes that changes in water concentration were 
negligible. The values reported by Schoebel et al. (1969) are for the thermal decomposition of 
sucrose at 37°C in saturated solutions in the presence of citric acid, which would increase the 
rate of thermal decomposition due to the catalysis of hydrolysis by hydrogen ions. While these 
studies fit within the range of reported Ea values, they do not provide details on how thermal 
decomposition would occur at high temperatures (above 100°C) and concentrations, as would be 
encountered in sucrose mother liquor occlusions. 
 Quintas et al. (2007a) examined the thermal decomposition of sucrose at concentrations 
between 70 and 97% (w/w) over a temperature range from 100 and 180°C. The range of Ea 
observed is reported in Table 2.4, and all values are reported in Table 2.5, which includes values 
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calculated using two different mathematical models based on the change in sucrose concentration 
over time. While the Ea is not significantly dependent on moisture content, as can be seen in 
Table 2.5, the rate constant and pre-exponential factors were affected by the water content. The 
researchers attribute these differences to molecular mobility, but do not explore how molecular 
mobility influences the observed trends. 
 The effect of increased sucrose concentration on molecular mobility can be seen in 
Figure 2.12, in which the transverse relaxation rate of 17O increases with increasing sucrose 
concentration (Regions I and II), until crystals begin to form in solution (Region III), at which 
point the relaxation rate displays little change with increasing concentration (Richardson et al., 
1987). Since the transverse relaxation rate is a measurement of mobility, it can be seen that the 
mobility decreases until crystals form in solution, at which point it is relatively unchanged. 
However, if a supersaturated solution forms (Region IV), the mobility of the solution continues 
to decrease. Since water can contribute hydrogen ions to cause the hydrolysis of sucrose, 
decreased molecular mobility may be expected to increase the Ea of sucrose hydrolysis, as it 
lowers the chance that a collision with sufficient energy to cause a reaction will occur. 
2.3.3.2 Solid State Kinetic Parameters 
 Results of previous kinetic studies of the thermal decomposition of crystalline sucrose 
using non-isothermal kinetic methods are summarized in Table 2.6. The difference in the kinetic 
values reported by Lee et al. (2011c) and Abd-Elrahman and Ahmed (2009) is due to the stage of 
thermal decomposition that was studied. Lee et al. (2011c) examined the onset of loss of 
crystalline structure occurring between 130 and 175°C, depending on the heating rate employed, 
which corresponds to the onset of thermal decomposition in sucrose. Abd-Elrahman and Ahmed 
(2009) measured the kinetic parameters for a decomposition peak found between 207 and 245°C, 
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based on the examined heating rate. By measuring this peak, the kinetic parameters studied by 
Abd-Elrahman and Ahmed (2009) were determined for later stages, rather than the onset, of 
thermal decomposition. Both studies use similar non-isothermal kinetic methods to determine the 
sucrose kinetic parameters. 
2.4 Glass Transition 
2.4.1 States of Solids 
 There are two states of solids, crystalline and amorphous, and solid materials can either 
be crystalline, amorphous, or contain both states. The crystalline state is characterized by long-
range molecular order as illustrated in Figure 2.14 (Thomas and Schmidt, 2017; Zallen, 1983) 
and has a lower enthalpy and entropy than amorphous solids, making it the equilibrium state for 
a solid material (Roos, 1995; Thomas and Schmidt, 2017). In comparison to crystalline solids, 
amorphous solids have no regular long-range molecular order, although they do display short-
range molecular order, as illustrated in Figure 2.14 (Roos, 2010, 1995; Thomas and Schmidt, 
2017; Zallen, 1983) and have excess free energy and entropy compared to a crystalline material 
under the same conditions (Roos, 1995). Due to its higher free energy and entropy, the glassy 
state is considered a metastable state (Kauzmann, n.d.). 
 On cooling of a liquid, at cooling rates that are slower than the rate of crystallization, a 
material would follow the dashed line in Figure 2.13, display a discontinuity in enthalpy and 
volume, and form a crystalline solid. However, if cooled at a rate faster than the rate of 
crystallization, the material can become a supercooled liquid or rubbery amorphous solid (solid 
line in Figure 2.13). With continued cooling, there would be a change of slope in enthalpy or 
volume, and the material would form an amorphous glass at the glass transition temperature (Tg) 
(Einfalt et al., 2013; Elliot, 1983; Roos, 2010; Zallen, 1983). Tk in Figure 2.13 is the Kauzmann 
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temperature, which is the theoretical lower limit for the glass transition temperature, regardless 
of how the amorphous material is created (Einfalt et al., 2013; Kauzmann, n.d.). 
 The Tg can be measured using several techniques, including DSC to monitor heat 
capacity, mechanical analysis methods, such as thermomechanical analysis (TMA) to monitor 
thermal expansion or dynamic mechanical analysis (DMA) to monitor stiffness, dielectric 
analysis to monitor dielectric relaxation, or spectroscopic techniques to monitor molecular 
mobility (Hartel et al., 2011; Roos, 2010; Schmidt, 2004; Thomas and Schmidt, 2017). In food 
systems, DSC is the most common technique due to the ease of sample preparation, short test 
times, and the ease of data interpretation (Roos, 2010; Thomas and Schmidt, 2017; Yu, 2001). In 
DSC, the glass transition is visible as a step change in heat capacity, as illustrated in Figure 2.15. 
In some samples, an endothermic peak can be observed at the end of the glass transition. This 
peak is caused by enthalpic relaxation, which is thought to be due to a change in the position of 
molecules resulting in increased local order in the amorphous sample (Roos, 2010). When 
measuring Tg with DSC, the onset, midpoint, end temperature, and change in heat capacity (ΔCp) 
should be reported (Roos, 2010; Schmidt, 2004; Thomas and Schmidt, 2017). 
 There are several methods that have been used to create amorphous carbohydrates, and 
these can be categorized as producing the material from an unstable non-crystalline form, such as 
a melt or a solution, or as proceeding directly from the crystalline to the amorphous material, 
often through mechanical action (Einfalt et al., 2013). The techniques commonly used to produce 
amorphous carbohydrates from an unstable non-crystalline form include melt quenching, freeze-
drying, and spray drying. Milling is often used to produce amorphous carbohydrates directly 
from the crystalline solid. 
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 Melt quenching is performed by heating a material above its melting point to form an 
amorphous liquid, which is then quickly cooled to form an amorphous glass (Einfalt et al., 2013; 
Elliot, 1983; Zallen, 1983). The cooling rate must be faster than the rate of crystal nucleation or 
growth to prevent the formation of a crystalline solid. The cooling rate used to create an 
amorphous material affects its final enthalpy and properties (Einfalt et al., 2013). Melt quench is 
a common method of glass formation for small carbohydrates (Roos, 1995) and has been 
extensively studied in sucrose, as will be discussed in Section 2.3.3. 
 Freeze-drying is performed by freezing a solution then reducing the pressure to cause the 
water to sublimate, leaving the solute in the amorphous state. It is important to rapidly freeze the 
solution to prevent crystallization during freezing, as the solute becomes amorphous when the 
temperature drops below the glass transition temperature of the maximally concentrated solution 
(Einfalt et al., 2013). Freeze drying is often performed to prepare amorphous carbohydrates for 
use in pharmaceuticals (Bhugra et al., 2007; Orford et al., 1990; Simperler et al., 2006; te Booy 
et al., 1992). 
 Spray drying is performed by pumping a concentrated solution through an atomizer into a 
chamber of hot air, which rapidly dries the solvent to leave amorphous solute. Since a higher 
temperature is used, materials with low Tg may not enter the glassy state during spray drying 
(Einfalt et al., 2013). It is common to use spray drying to produce amorphous lactose (White and 
Cakebread, 1966) and multiple investigators have demonstrated that spray drying can be used to 
produce amorphous sucrose (Bhugra et al., 2007; Imtiaz-Ul-Islam and Langrish, 2009; Islam et 
al., 2010).  
 Milling is a mechanical process in which particles are ground to reduce their size to a 
point at which they do not display crystalline behavior (Einfalt et al., 2013). Long times are 
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generally required to produce a completely amorphous material through ball-milling. The 
amorphitization of sucrose through milling has been demonstrated by Font et al. (1997), Saleki-
Gerhardt et al. (1994), and Tsukushi et al. (1995). 
 It is important to consider the method used to create an amorphous material, as the 
properties of the material depend on the production process (Einfalt et al., 2013). In addition to 
the production process, an amorphous material’s properties also depend on molecular weight 
(Hartel et al., 2011; Orford et al., 1990), as larger molecules have higher Tg values, and the 
moisture content of a material, as water acts as a plasticizer (E. M. De Graaf et al., 1993; Hartel 
et al., 2011; Roos, 1993; Roos and Karel, 1991a, 1991b). 
2.4.2 Methods for Predicting Tg of a Material 
 Several mathematical methods have been developed to predict Tg of a material based on 
its components. The two most commonly used methods in foods are the Gordon-Taylor and 
Couchman-Karasz equations (Hartel et al., 2011; Roos, 1995; Truong et al., 2002). The Gordon-
Taylor equation (Equation 2.25) was originally developed to predict Tg of binary polymer 
systems based on the change in volume that occurs at Tg (Gordon and Taylor, 1952; Hartel et al., 





In Equation 2.25, χ is the mole fraction of a given species and K is a constant defined in 
Equation 2.26. It is important to note that species 1 is the component with the higher Tg and is 
considered the glass former, while species 2 is the component with the lower Tg and is a 







Equation 2.26 defines K, which is a constant used in the Gordon-Taylor equation to relate the 
volumes, which is generally treated as a ratio of the relative densities (ρ) and Tg values (Katkov 
and Levine, 2004). The Gordon-Taylor equation has been shown to poorly predict the Tg of 
systems containing low molecular weight components. Models to predict the behavior of systems 
containing three or four components have been developed based on the Gordon-Taylor equation 
(Truong et al., 2002). 
 The Couchman-Karasz equation was based on classical thermodynamic theory to predict 
the Tg of binary mixtures based on the change in heat capacity (ΔCp) observed during the glass 
transition (Couchman and Karasz, 1978; Truong et al., 2002). The original equation 
overestimated plasticization, but this was corrected by Brinke et al. (1983) by assuming ΔCp was 






in which ΔCp is the change in heat capacity across the glass transition. It has been suggested that 
the modified Couchman-Karasz Equation may not always be better than the original, as it 
underestimated plasticization in trehalose-water systems (Katkov and Levine, 2004) and in 
model confectionary systems prepared with sucrose, corn syrup solids, and a variety of sugar 
alcohols (Mayhew et al., 2017).  
 Either the Gordon-Taylor or the Couchman-Karasz equation could be used to predict the 
Tg of thermally decomposed amorphous sucrose. It may be necessary to use equations that 
extended the Gordon-Taylor equation to cover three or four component systems, as thermally 
decomposed sucrose contains many components that could affect the Tg of the resultant glass. 
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2.4.3 Sucrose Glass Transition 
 While amorphous sucrose can be produced using several different amorphitization 
methods, as discussed in Section 2.3.1, only amorphous sucrose produced via melt quenching 
will be discussed herein. Values for the Tg of melt quenched amorphous sucrose are reported in 
Table 2.7. The midpoint Tg for melt quench amorphous sucrose ranges from 57 to 72°C for 
samples that have not undergone extensive heating beyond the formation of an amorphous liquid. 
A possible explanation for the variability in these values could be plasticization by water, which 
has been shown to have a strong effect on the Tg of sucrose (E M De Graaf et al., 1993; Hartel et 
al., 2011; Roos, 1993; Roos and Karel, 1991a, 1991b). However, it has been shown that the 
heating conditions used to create a melt quenched sucrose glass also have an impact on the Tg 
(Jiang et al., 2008a, 2008b; Lee et al., 2011d; Vanhal and Blond, 1999). 
 Vanhal and Blond (1999) found that the Tg of melt quenched amorphous sucrose depends 
on the heating conditions used in its creation. As illustrated in Figure 2.16, when heated at 
10°C/min to increasing final heating temperatures, sucrose’s Tg decreases as the final heating 
temperature increases from 190 to 215°C/min. The minimum Tg appears to occur between final 
temperatures of 215 and 220°C/min, as it begins to increase if the sample is heated above 
220°C/min. Additionally, it has been demonstrated that the Tg of melt-quench amorphous 
sucrose created at low heating rates is lower than the Tg of melt-quench amorphous sucrose 
created at high heating rates (Lee et al., 2011d; Vanhal and Blond, 1999), a point which is also 
illustrated in Table 2.7. Isothermal heating of sucrose at high temperatures for longer times also 
causes the Tg to decrease (Jiang et al., 2008b).  
 The change in the Tg of sucrose under different heating conditions has been attributed to 
the formation of decomposition products on heating (Jiang et al., 2008b; Lee et al., 2011d; 
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Vanhal and Blond, 1999). Sucrose begins to thermally decompose prior to and concomitantly 
with melting (Lee et al., 2011b; Lu et al., 2017a), so causing loss of crystalline structure through 
heating will lead to the formation of decomposition products. Small molecules, such as glucose 
and fructose, form early in thermal decomposition (Clarke et al., 1997a; Hirschmuller, 1953; 
Mauch, 1971; Quintas et al., 2007b; Richards and Shafizadeh, 1978; Richards, 1986; Šimkovic et 
al., 2003), which lowers the Tg because they act as plasticizers (Jiang et al., 2008b; Lee et al., 
2011d; Vanhal and Blond, 1999). When sucrose is heated to higher temperatures or for longer 
times, later stages of thermal decomposition can occur resulting in polymerization to form larger 
oligosaccharides (Defaye and Fernandez, 1994; Defaye and Garcia Fernandez, 1995; Manley-
Harris and Richards, 1994; Ratsimba et al., 1999), resulting in the increase in the Tg (Jiang et al., 
2008b; Vanhal and Blond, 1999). 
 The change in the Tg of sucrose under different heating conditions was modeled by Jiang 
et al. (2008a). The researchers developed models to predict the Tg in both the early, where Tg 
decreases, and late, where Tg increases, stages of thermal decomposition. Two models were 
developed for each stage, one based on HPLC and UV-visible spectroscopy (UV-vis) data, and 
the other using only UV-vis data. It was found that while both models could accurately predict 
the Tg of sucrose across a range of heating conditions, the model based on both HPLC and UV-
vis data provided better results. A weakness of these models is that they require the use of further 
instrumental techniques after the creation of the glass to determine the Tg, which can be easily 





Table 2.1: Composition of cane and beet refined white sugar (excerpted from Godshall, 2013). 
Constituent Cane Beet 
Pol 99.95 99.95 
Color, pH 7 15-35 20-45 
Absorbance ratio pH9/pH4 1.5-4.0 1.3 
pH 6.2-6.7 6.5-8.0 
Conductivity Ash % 0.01-0.03 0.01-0.03 
Moisture % 0.01-0.02 0.01-0.02 
Polysaccharides, ppm 70-200 20-50 
Dextran, ppm 20-60 rarely present 
Starch, ppm 30-50 0 
Raffinose, ppm 0 30-50 
Kestoses 30-50 0 to trace 
Floccing potential Low to none Low to none 
Causes of floc Protein & ISP* Saponins 
SO2, ppm Not detected ND in USA, low in Europe 
Sediment, ppm 10-20 15-20 
Turbidity, IU 2-25 1-5 (Higher outside US) 
Turbidity, NTU 0-1.5 0-1.0 
Glucose % 0.005 0.001-0.003 
Fructose % 0.005 0.001-0.003 
Volatile compounds odor** Caramel, molasses Earthy, VFA 
Total plate count, CFU/10g <10 <10 
Yeast & mold, CFU/10g <10 <10 
Notes: *ISP is indigenous sugarcane polysaccharide, an arabinoglycan polymer, found in cane cell walls 
** Odors are rarely noted in either cane or beet white sugar 








Table 2.2: Hypotheses, suggested in the literature, associated with the appearance of the small endothermic peak observed in some 
sucrose samples. The terminology used by the original author(s) was retained, where possible, in order to best capture the essence of 
their hypothesis and to avoid any inadvertent misinterpretation. Note: depending on the nature of the hypothesis, it may appear in 






Table 2.3: Set of commonly used reaction models applied to describe thermal transformations in 
solids, where g(α) is the conversion function for the integral form of the model and f(α) is the 






Table 2.4: Summary of previously reported kinetic constants for the thermal decomposition of 
sucrose in aqueous solutions, determined using isothermal methods. 
Study Method Sucrose Source Ea (kJ/mol) A (min-1) 
Buera et al., 
1987 
Color change Analytical 241 NRc 








Not given 108.45 NR 




Not given 110.04, 111.29a NR 




Commercial 98.47-124.69b NR 




Commercial 96.8 NR 
aAcid catalyzed reaction in solutions containing 5 or 10g of citric acid added to sucrose 
solutions containing 211 or 232g of sucrose and 100g of water. 
bRange of activation energies over the different water contents ranging from 3.58 to 30.03% 
w/w. 







Table 2.5: Summary of kinetic parameters for sucrose thermal decomposition over a range of sucrose concentrations. Values were 
calculated using two different models, a logistic model and Gompertz model, both of which examine change in sucrose concentration 





Table 2.6: Activation energy (Ea) and pre-exponential factor (A) values from the literature for the 
thermal decomposition of crystalline sucrose. Both studies were performed using analytical 
grade cane sucrose. 
Study Method Sucrose Source Ea (kJ/mol) A (min-1) 
Abd-Elrahman and 
Ahmed, 2009 














Table 2.7: Summary of literature reported Tg for melt quenched amorphous sucrose. Table is divided by the heating method used to 
form the sucrose, with the first group including samples that were melted to form the glass, the second samples that were heated under 




Glass Forming Conditions Tg (°C) 
Mathlouthi et al., 1986 Onset aNR Melt at 186-190°C 60 
Finegold et al., 1989 NR bAGC Melt on hot plate 57 
Orford et al., 1990 Midpoint NR Melt at 167°C 70 
Roos, 1993 Midpoint NR Heating above melting point 67 
Lee et al., 2011d Midpoint AGC 25°C/min to 206°C 68.35 
Saavedra-Leos et al., 2012 Midpoint AGC 20°C/min 68.41 





te Booy et al., 1992 NR AGC 10°C/min to 200°C 67 
Lee et al., 2011d Midpoint AGC 10°C/min to 196°C 69.83 
Vanhal and Blond, 1999 Midpoint AGC 10°C/min to 190°C 72.2 
Vanhal and Blond, 1999 Midpoint AGC 10°C/min to 190°C hold for 10 min 45.6 
Font et al., 1997 Midpoint NR 5°C/min 72 
Lee et al., 2011d Midpoint AGC 1°C/min to 184°C 37.45 
Lee et al., 2011d Midpoint AGC Hold at 120°C for 3014 min 39.59 
Lee et al., 2011d Midpoint AGC Hold at 132°C for 883 min 44.27 
Lee et al., 2011d Midpoint AGC Hold at 138°C for 510 min 42.21 
aNR = Not Reported. 








Figure 2.1: Structure of sucrose with atoms labeled, with g indicating an atom in glucose and f 





Figure 2.2: Process diagram for the production of white refined sucrose from sugarcane (based 





Figure 2.3: Process diagram for the production of white refined sugar from sugarbeets (based on 





Figure 2.4: DSC curves of analytical grade Sigma cane, US commercial beet, US commercial 
cane, and Sugar in the Raw (cane) collected at a heating rate of 10°C/min (Lu et al., 2017a). The 
onset temperature for analytical grade and white refined cane is lower than beet, and a small 
endothermic peak prior to the main endothermic peak is present in analytical grade and white 










Figure 2.5: Mechanism of sucrose thermal decomposition in both the crystalline solid (solid arrow) and aqueous phase (dashed arrow) 





Figure 2.6: Diagram of a power compensation DSC. In this system, both the sample and 
reference furnaces are heated at a programmed heating/cooling rate. In order to maintain this rate 
when transitions occur in the sample, a power compensation circuit increases or reduces power 
to either furnace as required in order to maintain the heating rate. The power compensation 
circuit, therefore, reflects the energy changes occurring in the sample and is presented on the 
screen as a function of temperature or time. This technique measures energy changes directly 
(excerpted from Gaddot, 2008). 
 





Figure 2.8: Illustration of different thermal events that can be observed in DSC (“Thermal 





Figure 2.9: Illustration of the heating program for an MDSC experiment (excerpted from 
Thomas, 2006). 
 
Figure 2.10: Illustration of the progress of a chemical reaction in a solid material, adapted from 





Figure 2.11: Illustration of the effect of isothermal aging on reaction exotherms of camphor 
furoxan (excerpted from Duswalt, 1974). 
 
Figure 2.12: Plot of 17O NMR transverse relaxation rate versus sucrose concentration 





Figure 2.13: Depiction of the change in enthalpy or volume with temperature that occurs during 
crystallization (dotted line) and glass formation (solid line), with Tm, Tg, and Tk labeled (adapted 





Figure 2.14: Comparison of the chemical structures of (a) an amorphous solid and (b) a 





Figure 2.15: The glass transition of an amorphous structure can be measured by DSC due to the 
significant increase in heat capacity that occurs as the material is heated to a temperature above 
Tg. Typical Tg analysis includes the extrapolated onset, midpoint (temperature of one-half of the 
heat capacity change), and endpoint temperatures, as well as the difference in heat capacity (ΔCp, 
J/g°C). The top line is the glass transition on cooling a material and the bottom line the glass 






Figure 2.16: Illustration of the change in sucrose Tg based on final heating temperature when 
sucrose was heated at 10°C/min. The change in the width of the glass transition is also shown 
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Chapter 3:  Comparison of the kinetic behavior of crystalline cane and beet sucrose 
thermal decomposition 
3.1 Abstract 
 Although crystalline sucrose from cane and beet sources is >99.8% pure, they display 
different thermal behavior, including the presence of a small peak before the main endothermic 
peak, which is not present in beet, leading to a lower onset temperature for thermal 
decomposition in cane. To compare the thermal behavior of these sucrose sources, the thermal 
decomposition kinetic parameters for analytical and commercial cane sucrose and commercial 
beet sucrose were determined. Beet sucrose exhibited a higher activation energy than either cane 
source, indicating that thermal decomposition is inhibited, likely due to the presence of sulfite in 
beet, but not in cane, sucrose. The kinetic parameters are important to consider when using 
sucrose in a food product, as cane and beet sucrose undergo different levels of thermal 
decomposition during processing, which may lead to different levels of color and flavor 
development in the final product. 
3.2 Introduction 
 Sucrose is an important agricultural commodity, with a global consumption of 172.5 
million metric tons in 2016 (Sugar: World Markets and Trade, 2016). Commercially, sucrose is 
mainly produced from two plant sources, sugarcane (Saccharum officinarum) and sugarbeet 
(Beta vulgaris), with 77% of the world’s sucrose produced from sugarcane and the rest from 
sugarbeet (Godshall, 2013). In the United States, 43% of sucrose is produced from sugarcane, 
and 57% from sugarbeet (McConnell, 2017). 
 White refined sucrose from both beet and cane sources is more than 99.8% pure (Lu, 




to expect sucrose from both sources to exhibit similar thermal behavior. However, Differential 
Scanning Calorimetry (DSC) curves of beet and cane sucrose exhibit visible differences, as can 
be observed in Figure 3.1, with cane displaying a small endothermic peak prior to the main 
endothermic peak, a phenomena which has been observed by multiple investigators (Beckett et 
al., 2006; Hurtta et al., 2004; Kinugawa et al., 2015; Lee et al., 2011a, 2011b; Lu et al., 2017a; 
Magon et al., 2014; Saavedra-Leos et al., 2012). In turn, the presence of the small peak in 
analytical grade and commercial cane sucrose results in a lower DSC onset temperature of loss 
of crystalline structure (Tmonset) compared to beet sucrose (Lu et al., 2017a).  
 Additionally, with an increasing DSC heating rate from 1 to 25°C/min, beet sucrose 
exhibits less heating rate dependence than cane sucrose, with a difference in Tmonset (Tmonset,25 – 
Tmonset,1) of 23.7°C for analytical grade cane, 23.5°C for commercial cane, and 6.1°C for 
commercial beet sucrose (Lu et al., 2017a). When categorizing the sucrose sources based on their 
heating rate dependency, as done by Schwenk (2016), analytical grade and commercial cane both 
display high heating rate dependence (categorized as greater than 10°C shift in Tmonset) when 
comparing the change in Tmonset between heating rates of 1 and 25°C/min, while commercial beet 
sucrose has a medium heating rate dependence (categorized as between 2 and 10°C shift in 
Tmonset between 1 and 25°C/min) (Lu et al., 2017a). Although the beet sucrose heating rate 
dependence is lower than that for cane, it is substantially larger than that for mannitol, a 
thermodynamic melting reference material that was characterized as exhibiting low/no heating 
rate dependence (categorized as less than 2°C shift in Tmonset between 1 and 25°C/min) by 
Schwenk (2016), for which the heating rate dependence was reported to be 0.30°C by Lee et al. 




 Researchers have demonstrated that the presence of the small peak, lower Tmonset, and 
higher heating rate dependence exhibited by analytical (Lee et al., 2011a, 2011b; Lu et al., 
2017a) and commercial (Lu et al., 2017b) cane sucrose is associated with the onset of thermal 
decomposition. The discrepancies in thermal behavior between beet and cane sucrose are thought 
to be due to differences in the composition and chemistry of the mother liquor occlusions within 
the sucrose crystal lattice (Lu et al., 2017a), as illustrated in Figure 3.2. These occlusions contain 
impurities, which can be inherent to the plant source or associated with the processing of 
sucrose. Examples of impurities associated with the plant source are the presence of raffinose in 
beet sucrose (Clarke et al., 1992; Godshall, 2013; Gross et al., 1962; Morel du Boil, 2003; Tsang 
et al., 1991) compared to the presence of kestose (Eggleston and Grisham, 2003; Godshall, 2013; 
Gross et al., 1962; Morel du Boil, 2003; Morel Du Boil, 1996) and theanderose (Morel du Boil, 
2003; Morel Du Boil, 1996) in cane sucrose. To examine impurities associated with processing, 
the extraction and refining process for both sucrose sources will be discussed. 
 Both beet and cane sucrose are produced through extraction and refining, where a sucrose 
solution, known as juice, is extracted from the plant source then purified. Following purification, 
water is evaporated from the juice, ultimately leading to crystallization of sucrose from a 
supersaturated solution (Godshall, 2013). While processing of both sucrose sources includes 
similar steps, there are differences in the refining process based on sucrose source. Refining of 
cane sucrose is a two-step process, with raw sugar produced near the plantations then transported 
to refineries for further purification (Clarke et al., 1997). The process is done in two steps 
because sugarcane rapidly deteriorates after cutting (Cheesman, 2004; Clarke and Godshall, 
1988; Godshall, 2013). In comparison, beet sucrose refining is a single-step process that usually 




without loss of sucrose (Clarke et al., 1997). Additionally, the purification of beet sucrose juices 
prior to evaporation usually includes a step called sulfitation, during which SO2 gas is added to 
the sucrose solution to limit color formation (Andrews and Godshall, 2002; Clarke and Godshall, 
1988; McGinnis and Cossairt, 1982), improve its boiling properties, and reduce the pH of the 
solution (McGinnis and Cossairt, 1982). Upon addition to the solution, the SO2 dissolves to form 
sulfite and sulfate ions (McGinnis and Cossairt, 1982). The sulfite ions can react with the 
carbonyl groups in reducing sugars to form bisulfite adducts (Clarke and Godshall, 1988; Ingles, 
1959; McWeeny, 1974; Shore et al., 1984), which in turn has been shown by Shi (2014) to 
suppress the thermal decomposition of the monosaccharides. Residual sulfite levels between 7.39 
and 11.16 ppm have been detected in beet sucrose samples by Lu (2017c), all of which were 
below the 15 ppm maximum allowable level of sulfite in white refined sugar established by the 
Codex Standard for Sugars (2001). 
Previous studies in the literature have illustrated the impact of the composition and 
chemistry of mother liquor occlusions on the thermal behavior of sucrose (Beckett et al., 2006; 
Lu et al., 2017c), including altering the “Tmonset, number, magnitude, and heating rate 
dependency of peaks obtained in a DSC curve” (Lu et al., 2017c). The primary difference 
between cane and beet sucrose is the presence of sulfite in beet sucrose, which can become 
trapped in the mother liquor occlusions during crystallization. The presence of sulfite in mother 
liquor occlusions of beet sucrose is associated with the absence of the small peak in DSC curves, 
although the mechanism by which sulfite inhibits the thermal decomposition event(s) associated 
with the small peak needs further investigation. While the DSC curve for beet sucrose lacks the 
small peak, its medium heating rate dependence suggests thermal decomposition still contributes 




decomposition prior to melting in beet sucrose is supported by the generation of color in beet 
sucrose that was held at 160°C for 180 minutes, as 160°C is below the literature reported melting 
temperature of sucrose (186°C). Total color difference (TCD) measurements made over time 
showed color generation in beet sucrose occurred after 15 minutes, with TCD values becoming 
significantly different (p < 0.05) from the “as is” sample after 30 minutes (Lu et al., 2017a).   
The color change observed in beet sucrose when held at 160°C provides evidence that 
beet sucrose will thermally decompose prior to melting, even though nonisothermal experiments 
do not provide direct evidence of thermal decomposition prior to loss of crystalline structure (Lu 
et al., 2017a). The lack of evidence for the thermal decomposition of beet sucrose prior to loss of 
crystalline structure in nonisothermal experiments may be due to the conditions at which sucrose 
thermal decomposition was examined. It may be that current nonisothermal experiments were 
examining beet sucrose loss of crystalline structure at fast enough heating rates to “outrun” 
thermal decomposition. By altering the experimental conditions, and examining beet sucrose loss 
of crystalline structure at lower heating rates, it should be possible to observe evidence of 
thermal decomposition prior to loss crystalline structure. The Arrhenius plot presented by Lu et 
al. (2017a) suggests this may be the case, as there is a change of slope present in the beet sucrose 
plot between heating rates of 2 and 5°C/min.  
 Since it has previously been demonstrated that sucrose does not undergo thermodynamic 
melting, but rather thermal decomposition contributes to the loss of crystalline structure, the loss 
of crystalline structure in sucrose is a kinetic process (Lee et al., 2011b; Lu et al., 2017a), though 
the extent of thermal decomposition may differ by sucrose source. The kinetic nature of the loss 




determination of kinetic parameters for thermal decomposition in crystalline sucrose at 
temperatures below the literature reported melting temperature of sucrose. 
 Sucrose thermal decomposition is a non-enzymatic browning reaction, also known as 
caramelization. Although thermal decomposition and caramelization can be used in relation to 
the same reaction, the term thermal decomposition is traditionally associated with an undesirable 
process that results in the loss of sucrose (Eggleston et al., 1996a; Kelly and Brown, 1978). The 
use of the term caramelization, on the other hand, is indicative of a desirable process associated 
with flavor and color development in foods and beverages (Kamuf et al., 2003). The term 
thermal decomposition will be used herein to describe the non-enzymatic browning of sucrose 
when subjected to increased temperatures, which could be viewed as either desirable or 
undesirable, depending on the application. 
 The sucrose thermal decomposition pathway summarized from literature sources by Lee 
et al. (2011a) is shown in Figure 3.3. The first step in the thermal decomposition pathway is the 
hydrolysis of the glycosidic linkage between glucose and fructose (Clarke et al., 1997; Mauch, 
1971; Quintas et al., 2007; Richards and Shafizadeh, 1978; Richards, 1986; Šimkovic et al., 
2003), yielding a glucose anion and fructocarbocation (Clarke et al., 1997; Richards, 1986). 
Once formed, the glucose anion reacts with a hydrogen ion to form glucose. The 
fructocarbocation can undergo a variety of reactions, such as losing a hydrogen ion to form 
anhydrofructose, undergoing degradation to form hydroxymethylfurfural (HMF), reacting with a 
hydroxyl ion to form fructose, or reacting with sucrose to form trisaccharides, such as kestose 
(Manley-Harris and Richards, 1991; Richards and Shafizadeh, 1978; Richards, 1986). 
Additionally, sucrose can dehydrate to form anhydrous sucrose or isomerize, although these are 




hydrolysis of the glycosidic linkage is the first step in the thermal decomposition pathway and is 
the rate-limiting step (Richards and Shafizadeh, 1978), indicating that hydrolysis governs the 
kinetics of sucrose thermal decomposition. 
 Previous studies of the thermal decomposition of sucrose in solution have found that 
hydrolysis of the glycosidic linkage is a first order reaction (Arena et al., 2001; Eggleston, 1996; 
Richards and Shafizadeh, 1978; Schoebel et al., 1969; Vukov, 1965). Thermal decomposition in 
crystalline sucrose is thought to display the same behavior (Kelly and Brown, 1978; Richards 
and Shafizadeh, 1978). Results of previous kinetic studies of the thermal decomposition of 
crystalline analytical grade cane sucrose using nonisothermal kinetic methods are summarized in  
Table 3.1. The difference in the kinetic values reported by Lee et al. (2011c) and Abd-Elrahman 
and Ahmed (2009) is due to the stage of thermal decomposition that was studied. Lee et al. 
(2011c) examined the onset of loss of crystalline structure occurring between 130 and 175°C, 
depending on the heating rate employed, which corresponds to the onset of thermal 
decomposition in sucrose. Abd-Elrahman and Ahmed (2009) measured the kinetic parameters for 
a decomposition peak found between 207 and 245°C, based on the examined heating rate. By 
measuring this peak, the kinetic parameters studied by Abd-Elrahman and Ahmed (2009) were 
determined for later stages, rather than the onset, of thermal decomposition. 
 Previous researchers have applied nonisothermal kinetic methods to examine the thermal 
decomposition of analytical grade cane sucrose (Abd-Elrahman and Ahmed, 2009; Lee et al., 
2011c). However, the kinetics of thermal decomposition of crystalline cane and beet sucrose 
have not been compared. This work aims to compare the nonisothermal thermal decomposition 
kinetic parameters (activation energy, pre-exponential factor, rate constant, and half-life) of 




two sucrose sources. It is expected that the relatively small increase in Tmonset with increasing 
heating rates observed for beet sucrose, compared to cane, is due to its larger activation energy 
and pre-exponential factor. 
3.3 Materials and Methods 
3.3.1 Materials 
Three types of “as is” crystalline sucrose samples were used: analytical grade cane 
(S0389, Sigma-Aldrich Corp., St. Louis, MO, USA, lot SLBJ3869V), United Sugar (US) 
commercial cane (Safeway Inc., Boise, ID, USA lot F0358DS2571), and US commercial beet 
(Kroger Co., Cincinnati, OH, USA, lot E9251). Sucrose sources will be referred to as follows: 
analytical grade cane as Sigma cane, US commercial cane as US cane, and US commercial beet 
as US beet. Crystalline mannitol (Sigma-Aldrich) was used as a thermodynamic melting 
reference material for comparison during thermal analysis. HPLC water (Macron Fine 
Chemicals, Central Valley, PA, USA, batch 0000122048) was used for some characterization 
experiments. Sigma cane was stored in its original packaging and sealed with parafilm after 
opening and between uses, and US cane and US beet samples were stored wrapped in plastic 
wrap in their original packaging. The moisture content, particle size, pH, conductivity ash, 
inorganic components, and sulfite content were determined for all sucrose samples to 
characterize the materials and examine factors that may affect the kinetics of thermal 
decomposition in each sucrose source. 
3.3.2 Thermal Analysis 
Approximately 10 mg of each sucrose sample was placed in a Tzero pan (TA 
Instruments, New Castle, DE, USA), which was hermetically sealed with a Tzero aluminum 




autosampler (TA Instruments) and refrigerated cooling unit (RCS 90). All samples were 
equilibrated at 25°C, then Sigma cane was heated at 0.5, 1, 5, 10, 25, and 50°C/min; US cane at 
0.5, 1, 2, 5, 10, 25, and 50°C/min; and US beet at 0.5, 0.75, 1.0, 1.25, 1.5, 2.0°C/min (low 
heating rate range), 3.0, 5.0, 10, 25, 50°C/min (high heating rate range) until complete loss of 
crystalline structure was achieved, as defined by completion of the endothermic peak. The 
programmed final temperatures for each heating rate are summarized in Tables 3.2 to 3.4, which 
also include the small and large peak Tmonset. Preliminary experiments indicated that US beet 
sucrose displayed two ranges of heating rate dependence, so US beet sucrose was studied at 
additional heating rates within the 0.5 to 50°C/min heating rate range to characterize the kinetics 
of the low and high heating rate regions.  
 Crystalline mannitol (Sigma-Aldrich), a thermodynamic melting sugar alcohol (Lee and 
others 2011a) with low/no heating rate dependence (Schwenk, 2016), was used to quantify 
thermal lag at the different heating rates. Thermal lag is the difference in the reported 
temperature and the actual temperature of the sample due to the measurement of the sample 
temperature in the DSC cell, rather than in the sample itself (Cassel, n.d.; Mraw, 1982). The 
thermal lag values were then compared to the change in sucrose Tmonset to assess if thermal lag is 
responsible for the increase in Tmonset with increasing heating rate observed in sucrose. Mannitol 
samples were analyzed using the same method as the sucrose samples at heating rates of 0.5, 1, 
25, and 50°C/min. The end temperatures of mannitol DSC experiments and Tmonset are 




3.3.3 Material Characterization 
3.3.3.1 Karl Fischer 
 Moisture content was determined by a volumetric Karl Fischer titration using an Aquastar 
AQV21 Volumetric Titrator (EMD Millipore Corporation, Darmstadt, Germany) with a two 
solvent system composed of a 50:50 mixture of formamide and methanol. Measurements were 
made under ambient temperature and relative humidity conditions. Samples were analyzed in 
duplicate by DonLevy Laboratories (Crown Point, IN) and moisture content is reported on a 
%wet basis (g water/ g sample x 100%). 
3.3.3.2 Particle size 
 Between 2 and 3 g of each sample was used for analysis. The particle size distribution 
was analyzed using a Shimadzu SALD-2300 Laser Diffraction Particle Size Analyzer 
(Shimadzu, Tokyo, Japan) equipped with a SALD-DS5 Cyclone Injection Type Dry 
Measurement Unit. A standard nozzle was used with an air pressure of 0.30 MPa, and a 
refractive index of 1.70-0.20i. Samples were analyzed in duplicate. 
3.3.3.3 pH 
 Sample preparation and pH measurements were based on the International Commission 
for Uniform Methods of Sugar Analysis (ICUMSA) Method GS1/2/3/4/7/8/9-23 (2009). 5g of 
each sample was dissolved in 5g of HPLC water (to form a solution with a 50:50 w:w ratio of 
sucrose: water) in a 15 mL polypropylene conical centrifuge tube (Thermo Fisher Scientific, 
Rochester, NY, Catalog #339650). Samples placed in a water bath, held at 80°C, and vortexed 
every 5 minutes until all sucrose crystals had dissolved. Complete dissolution was achieved in 
approximately 25 minutes. The samples were then cooled to room temperature prior to analysis. 




Mettler Toledo InLab 413 pH probe. BuffAR reference solutions (Mallinckrodt Chemicals, St. 
Louis, MO, USA) of pH 4.00 (pink), 7.00 (yellow), and 10.01 (blue) were used to calibrate the 
instrument prior to measuring samples. The pH of pure HPLC water was also recorded. All pH 
values were collected in duplicate at a temperature of 25°C. 
3.3.3.4 Conductivity ash 
 Sample preparation and conductivity ash measurements were based on the ICUMSA 
Method GS1/3/4/7/8-13 (ICUMSA, 1994). 7g of each sample was dissolved in 18g HPLC water 
(giving a w:w ratio of 28:100 of sucrose:solution) in a 50mL disposable polyethylene tube with a 
screw cap. To completely dissolve the sucrose, the samples were heated at 80°C in a water bath 
and vortexed every 5 minutes until no crystalline sucrose remained. Complete dissolution was 
achieved in approximately 20 minutes. Samples were then cooled to room temperature prior to 
analysis. Samples and the HPLC water were analyzed with a conductivity probe (Orion 
DuraProbe 4-cell conductivity sensor) attached to an Orion Versa Star Pro Multiparameter 
Benchtop Meter (ThermoFisher Scientific, Waltham, MA, USA) calibrated using 47 ppm (100 
μS/cm conductivity standard), 692 ppm (1413 μS/cm conductivity standard), and 7230 ppm 
(12.9 mS/cm conductivity standard) sodium chloride solutions. Conductivity and temperature of 
the samples were recorded. The conductivity values were converted to the conductivity value at 
20°C using Equation 3.1: 
𝐶20° =
𝐶𝑇
1 + 0.023(𝑇 − 20)
(3.1) 
where CT is the conductivity in μS/cm at the measured temperature, T, in degrees Celsius. The % 
conductivity ash in the samples was then calculated using Equation 3.2: 




where Csample is the measured conductivity of the sucrose solutions and Cwater is the measured 
conductivity of the HPLC water in which the samples were prepared. The % conductivity ash 
was then converted to ppm. Samples were analyzed in triplicate. 
3.3.3.5 ICP-OES 
 Between 500 and 600 mg of each sucrose sample was weighed and digested using 10 mL 
of concentrated nitric acid (67 to 70%) inside an SPD Microwave System (CEM Corp., 
Matthews, NC). After complete digestion, the clear transparent digest was transferred to a 50 mL 
volumetric flask. The digestion tubes were repeatedly washed with Double DI water to ensure 
complete transfer of the digest to the volumetric flask. The final volume of the digested solution 
was 50 mL. Elemental analysis was carried out using ICP-OES, with a Perkin-Elmer Optima 
2000DV optical emission spectrometer with the following operational parameters: a plasma flow 
rate of 9 L/min, an auxiliary flow of 0.2 L/min, a nebulizer flow rate of 0.8 L/min, a power of 
1300 W, and an axial plasma view. Samples were analyzed for Ca, Fe, K, Mg, Na, P, S, Si, and 
Zn. Phosphorous and sulfur are both fugitive elements, which means that they tend to volatilize 
during the digestion process and are therefore difficult to measure using ICP. 
3.3.3.6 Total sulfite 
 Total sulfite (TSO2) content of each sucrose sample was measured using the Megazyme 
Enzymatic Total Sulfite kit (K-ETSULPH, Megazyme, Wicklow, Ireland). Sucrose samples were 
prepared by dissolving 2.5g of sucrose in 2mL of ultrapure water in a 15mL polyethylene tube 
with a screw cap. To completely dissolve sucrose, samples were heated at 70°C and vortexed 
every 5 minutes until no crystalline sucrose remained. Complete dissolution was achieved in 
approximately 35 minutes. Samples were cooled to room temperature prior to analysis. The 




was followed as outlined in the Megazyme Kit (Megazyme, 2015) with the following 
modifications. Due to the low amounts of sulfite present in sucrose samples, instead of using the 
300ppm total sulfite standard, a 15ppm standard was used to determine the sulfite 
concentrations. The procedure outlined in the Megazyme Kit instructions for calculating total 
sulfite content was followed. Additionally, the microplate was shaken on a microplate shaker 
during the intervals prior to and between taking measurements. The limit of detection for this 
method is 3.4 ppm (Megazyme, 2015).  
3.3.4 Statistics 
 Nine samples of each sugar were analyzed at each of the selected heating rates. The data 
from the samples at each heating rate were then randomly divided into three groups, where each 
group contained three samples from each heating rate. Each of the calculated values (ΔTmonset, Ea, 
and A) were then averaged. The means were compared for each sucrose source by performing a 
one-way ANOVA test using the aov function in RStudio (RStudio1.0.153, RStudio, Boston, 
MA), with an α = 0.05 used to determine significance. If the ANOVA test indicated that at least 
one of the tested means was different, a Tukey’s HSD test was performed using the HSD.test 
function in the agricolae library of R to perform a pairwise comparison of all means to group 
them by significance. 
3.4 Theory 
 Nonisothermal kinetics allows for the determination of kinetic parameters using heating 
rate (β) and Tmonset values collected during nonisothermal thermal analysis experiments. While 
many different techniques have been developed to calculate kinetic values from nonisothermal 
data, the isoconversional techniques are considered the most robust (Brown et al., 2000; 




heating rate are chosen to represent equal extents of the reaction based on the assumption that the 
reaction rate at equal extents of conversion will only be dependent on temperature, not on both 
temperature and time (Vyazovkin et al., 2011). 
 The isoconversional method used in this study is the Flynn/Wall/Ozawa method, outlined 
in ASTM E698 (2005), which was developed independently by Flynn and Wall (1966) and 
Ozawa (1970). In this method, Tmonset data is collected, and a plot of log10β versus 1/Tmonset 
(Arrhenius plot) is created. A best-fit line is constructed, and the slope of the best-fit line (m) is 
used to calculate the Ea according to Equation 3.3:  
𝐸𝑎 = −2.19 ∗ 𝑅 ∗ 𝑚 (3.3) 
where R = gas constant = 8.314 J mol-1 K-1. The calculated Ea can then be iteratively refined as 
outlined in ASTM E698. Once the Ea has been determined, the A can be calculated using 
Equation 3.4: 
𝐴 =






 where β is a heating rate from the middle of the range of heating rates examined. 
 Once the Ea and A have been calculated, the rate constant (k) can be determined using 
Equation 3.5: 














3.5 Results and Discussion 
3.5.1 Sucrose Characterization 
3.5.1.1 Karl Fischer 
 The moisture contents of all sucrose sources are summarized in Table 3.6. The moisture 
content for US cane sucrose was significantly different from Sigma cane and US beet sucrose (p 
≤ 0.05). The values observed herein are slightly higher for all sucrose sources than those reported 
by Lu et al. (2017c) and Godshall (2013). 
3.5.1.2 Particle Size 
 The particle size distribution for all sucrose sources and mannitol are summarized in 
Table 3.7, which includes the average diameter of the particles, as well as the first, second 
(median), and third quartile values for the particle size. Examples of the particle size 
distributions are also given in Appendix A. Of the sucrose sources, Sigma analytical cane has the 
largest particles and US beet the smallest, although these values are not significantly different 
from each other (p ≥ 0.05), likely due to the large standard deviations for Sigma cane and US 
beet. All sucrose sources had significantly larger particle sizes than mannitol (p ≤ 0.05).  
3.5.1.3 pH 
 The pH values for each sucrose source are summarized in Table 3.6. Sigma cane had the 
lowest pH, although it was not statistically different from that of US cane or the HPLC water (p 
≥ 0.05). The pH of beet sucrose was significantly higher than the pH of both cane sources and 
HPLC water (p ≤ 0.05). The observed values are similar to those reported by Lu et al. (2017c), 
but lower than the values reported by Godshall (2013). The lower pH of the cane sucrose could 




sucrose hydrolysis (Kelly and Brown, 1978; Mauch, 1971; Poncini, 1980; Schoebel et al., 1969; 
Vukov, 1965). 
3.5.1.4 Conductivity Ash 
 The conductivity ash gives a measure of the concentration of ionized soluble salts present 
in samples (ICUMSA, 1994) and can be used to compare the purity of the samples. The 
conductivity ash contents for each sucrose source are summarized in Table 3.6. US cane sucrose 
has the highest concentration of conductivity ash, and Sigma cane the lowest. These results are 
similar to those reported by Godshall (2013) and Lu et al. (2017c), although the present study 
observed a lower concentration of conductivity ash present in the cane sucrose samples than was 
observed by Lu et al. (2017c).  
3.5.1.5 ICP-OES 
 The inorganic impurity content of each sucrose source is summarized in Table 3.8. Sigma 
cane had the lowest ion content of the measured samples, which is expected as it has the highest 
purity. US cane sucrose has the highest calcium, sulfur, and silicon content, while US beet has 
the highest potassium and sodium content. Sulfur was not detected in US beet sucrose, which 
was unexpected as it has previously been demonstrated that beet sourced sucrose contain more 
sulfite than cane sourced sucrose (Lu et al., 2017c). The unexpected sulfur result is most likely 
due to the fact that sulfur is a fugitive element, which tends to volatilize during the digestion to 
prepare samples for ICP, making it difficult to quantify in samples, which is why an enzymatic 
assay was used to quantify the amount of sulfite present in each sucrose source. 
3.5.1.6 Sulfite Assay  
 The total sulfite content for each sucrose source is summarized in Table 3.6. The total 




not detected in cane-sourced sucrose. The lack of sulfite in cane sucrose and its presence in beet 
was also reported by other researchers (Godshall, 2013; Lu et al., 2017c). The presence of sulfite 
in beet sucrose could contribute to the differences in thermal behavior and thermal 
decomposition observed between cane and beet sucrose (Lu et al., 2017a, 2017b). Sulfite could 
cause these differences by reacting with glucose and fructose after hydrolysis (Ingles, 1959; 
McWeeny, 1974; Shi, 2014), preventing further steps of the thermal decomposition reaction 
scheme from occurring. 
3.5.2 Heating Rate Dependence 
The heating rate dependency of a material can be determined by taking the difference in 
Tmonset between two heating rates (Tmonset,high – Tmonset,low), defined as ΔTmonset. Based on thermal 
behavior analysis of twenty-five carbohydrate-based materials, Schwenk (2016) defined low, 
medium, and high heating rate dependency groups based on the ΔTmonset of a material between 
heating rates of 1 and 25°C/min (Tmonset,25 – Tmonset,1). A material is categorized as having low 
heating rate dependency if its ΔTmonset is less than 2°C, medium heating rate dependency if its 
ΔTmonset is between 2 and 10°C, and high heating rate dependency if its ΔTmonset is greater than 
10°C. The ΔTmonset values for Sigma analytical cane, US cane, US beet sucrose, and mannitol 
between heating rates of 1 and 25°C/min are summarized in the second column of Table 3.9. The 
small and large peaks of both Sigma and US cane sucrose have a high heating rate dependency, 
with small peak ΔTmonset values of 24.72 ± 0.16°C and 24.02 ± 0.77°C and large peak ΔTmonset 
values of 26.77 ± 0.78°C and 16.87 ± 0.43°C, respectively. The high heating rate dependency of 
cane sucrose matches values reported by other researchers and was expected based on the fact 
that the Tmonset of cane sucrose is associated with thermal decomposition (Lee et al., 2011b; Lu et 




± 0.34°C, suggesting that kinetic events contribute to its loss of crystalline structure. Mannitol 
has a low heating rate dependency, with a ΔTmonset of 0.60 ± 0.29°C, which is also expected as 
previous researchers have demonstrated that it is a thermodynamically melting reference material 
(Lee et al., 2011b). 
 Since mannitol is a thermodynamically melting reference material, its ΔTmonset can also be 
used to compare the ΔTmonset of other materials to thermal lag, which is the increase in Tmonset for 
a material with increasing heating rates due to the fact that the sample temperature is measured 
by a sensor in the DSC cell at a point close to the sample, rather than in contact with the sample. 
The non-instantaneous heat flow through the sample pan causes a temperature lag between the 
sample and the temperature sensor (Cassel, n.d.). All sucrose sources have a significantly larger 
ΔTmonset from 1 to 25°C/min than mannitol. The third column of Table 3.9 is the ΔTmonset from 
0.5 to 50°C/min, which examines the ΔTmonset for the full range of heating rates studied herein. 
Since this covers a larger range of heating rates, the ΔTmonset is larger for all materials. All 
sucrose sources still have a significantly larger ΔTmonset than mannitol, indicating that even over 
the larger range of heating rates, the heating rate dependence of sucrose is not due to thermal lag. 
3.5.3 Kinetic Analysis 
Arrhenius plots were generated to compare the kinetic behavior of the onset temperatures 
of cane and beet sucrose sources over the range of heating rates examined. Figure 3.4 compares 
the onset temperatures of the small and large peaks of Sigma analytical grade and US cane 
sucrose samples from 0.5 to 50°C/min with those of the large peak for US beet sucrose, as the 
small peak is not present in beet. The most noticeable feature of the Arrhenius plots is the 
nonlinearity of the large peak data, as the plots for all three sucrose sources display two sections 




becomes much steeper at higher heating rates. The change in slope occurs between heating rates 
of 10 and 25°C/min for Sigma analytical cane, between 5 and 10°C/min for US cane, and 
between 2 and 3°C/min for US beet sucrose. Kinetic data for the large peak of Sigma obtained by 
previous researchers (Lee et al., 2011c, 2011d) and analyzed herein display the same change in 
slope in the Arrhenius plot. Although Arrhenius plots are expected to be linear, nonlinear 
Arrhenius plots displaying different slopes over different heating rate ranges have been observed. 
The change of slope is often attributed to the presence of competing reactions, with each reaction 
dominating over a different temperature range (Brazeau and Lipscomb, 2000; Flynn, 1988; 
Masgrau et al., 2003, 2002; Wollenhaupt et al., 2000). Reactions with high Ea dominate at high 
heating rates, while reactions with low Ea dominate at low heating rates, leading to the change in 
the slope of the plot (Flynn, 1988; Lázaro et al., 1998).  
Before continuing to explore the cause of the slope change in the Arrhenius plots of the 
large peak of sucrose, some terminology must be defined. Traditionally, the term melting refers 
to thermodynamic melting, in which a material loses long-range order and gains large-amplitude 
motion at a single time-independent temperature, with no change in chemical composition 
(Wunderlich, 1990). Previous researchers have demonstrated that sucrose undergoes apparent 
melting, in which it undergoes thermal decomposition prior to and concurrently with loss of 
crystalline structure (Lee et al., 2011a, 2011b, Lu et al., 2017a, 2017b). Due to the influence of 
thermal decomposition, loss of crystalline structure in sucrose is not a thermodynamic event. 
Therefore, the term melting will be used herein to describe “the loss of crystalline structure due 
to applied heat resulting in intermolecular bond breaking” (Schmidt et al., 2012). 
 While there appear to be two competing processes contributing to the behavior of the 




the temperature change over which the change in slope occurs. Rather, the two processes that 
appear to govern the behavior of the large peak for all sucrose sources are thermal decomposition 
and melting. The influence of thermal decomposition is dominant at low heating rates while 
melting dominates at high heating rates. The Tmonset values of the large peak for all sucrose 
sources illustrate the contribution of melting. The increase in slope of the Arrhenius plots 
coincides with the heating rate at which the large peak Tmonset reaches the 185-187°C range 
(Tables 3.2 to 3.4), which has previously been thought of as the thermodynamic melting point of 
sucrose (Reiser et al., 1995). The temperature of the change in slope suggests that at high heating 
rates, the kinetic event is being suppressed due to the faster heating, increasing the contribution 
of melting to the large peak behavior. The steeper slope at high heating rates is consistent with 
the steep slope of the Arrhenius plot for mannitol (Figure 3.5). A steeper slope is expected for a 
thermodynamic event, as the onset temperature of a thermodynamic event should not increase 
with heating rate, and across the temperature range of the melting point the Ea is theoretically 
infinite (Galwey et al., 2001). The increase in slope of the large peak Arrhenius plots for all 
sucrose sources, therefore, suggests that a thermodynamic event may be contributing to the 
thermal behavior. The difference in the heating rate at which the change in slope occurs is likely 
due to differences in the composition and chemistry of the mother liquor occlusions, which will 
be further discussed when examining the kinetics of sucrose thermal decomposition (Lu et al., 
2017c). 
 The change in slope in the Arrhenius plot for US beet sucrose indicates that the ΔTmonset 
values for beet sucrose reported in Table 3.9 contain values from both the low and high range of 
heating rates. To examine the behavior within each heating rate range, the ΔTmonset values were 




range) and are reported in Table 3.10, which also includes the ΔTmonset for 1 to 25°C/min and 0.5 
to 50°C/min. The ΔTmonset for the low heating rate range of beet was 9.40 ± 0.40°C, while 
ΔTmonset for the high heating rate range was 2.68 ± 0.11°C, reinforcing the presence of a kinetic 
event at low heating rates, as the low heating rate range exhibits a larger heating rate dependence 
than the high heating rate range. To further explore the heating rate dependency at low heating 
rates, DSC curves were collected at 0.1°C/min, and the ΔTmonset from 0.1 to 2°C/min was 
determined to be 24.81 ± 0.39°C, which is in the same range as the ΔTmonset for the small and 
large peak of Sigma analytical grade cane sucrose from 1 to 25°C/min and for the small peak of 
US cane sucrose in the same heating rate range. The low heating rate range of the beet sucrose 
Arrhenius plot was linear to 0.1°C/min, the lowest heating rate at which US beet sucrose was 
examined. The effect of the lower heating rate and the linearity of beet sucrose Arrhenius plots 
demonstrates the range of heating rates over which beet sucrose needs to be examined for kinetic 
behavior. 
 The slope of the Arrhenius plots was used to obtain kinetic constants, including the Ea, A, 
k, and t1/2. Due to the changes of slope observed in the large peak Arrhenius plots, the Ea and A 
for US beet sucrose are reported for both low and high heating rate ranges, with the low range 
being from 0.5 to 2°C/min, and the high range being from 3 to 50°C/min. The large peak values 
for both cane sucrose samples were also calculated using heating rates prior to the change in 
slope, which includes 0.5 to 10°C/min for Sigma analytical cane, and 0.5 to 5°C/min for US 
cane. The Ea and A for the small and large peak of both cane sources and the low and high 
heating rate range of beet sucrose are reported in Table 3.11. The Ea and A for US beet at high 
heating rates are significantly higher than those of the cane sources or beet at low heating rates. 




associated with a kinetic event, but rather with melting. Due to the difference between the Ea and 
A for beet at high heating rates and the other sucrose sources, the values for the small and large 
peaks of cane sucrose and beet sucrose at low heating rates were compared. Based on ANOVA 
followed by a Tukey’s HSD test, it was found that the Ea of US beet sucrose at low heating rates 
was significantly higher than either cane source, which were not statistically different from each 
other. None of the A values were significantly different from each other. The higher Ea for US 
beet sucrose, compared to both cane sources, indicates that thermal decomposition in beet 
sucrose occurs at a slower rate than in cane sucrose. 
 Since the heating rate dependency of US beet sucrose was examined at 0.1°C/min and 
found to be linear, the Ea and A were calculated with the inclusion of Tmonset data from 0.1°C/min 
in the low heating rate range. The Ea was 186.85 ± 3.57 kJ/mol, and A was 5.19E+20 ± 5.07E+20 
min-1, neither of which is significantly different from the kinetic values for the small peak of 
cane sourced sucrose. The similarity of these values to those for cane sources suggests that it 
may be beneficial to study the kinetics of beet sucrose at lower heating rates. The comparison of 
both sucrose sources at 0.1°C/min was not possible, as the small peak in cane samples is not 
visible at heating rates below 0.5°C/min due to the loss of resolution in DSC experiments 
conducted at low heating rates.  
The differences between the Ea of cane and beet sucrose at low heating rates and the 
different heating rates at which each Arrhenius plot changes slope can be traced to differences in 
the composition and chemistry of sucrose mother liquor occlusions. One possible cause of the 
differences between the kinetic parameters is differences in the pH between cane and beet 
sucrose. Since hydrogen ions catalyze sucrose thermal decomposition, a lower pH increases the 




Schoebel et al., 1969; Vukov, 1965), and would be expected to have the same effect in the solid 
state, as it is thought that thermal decomposition begins in the mother liquor occlusions within 
the sucrose crystal lattice (Lu et al., 2017c). The lower pH of Sigma and US cane compared to 
US beet could contribute to the differences in the cane and beet sucrose kinetic parameters. 
However, the pH values for Sigma and US cane sucrose are statistically different from each 
other, and the two cane sources do not display any differences in their kinetic parameters. 
Additionally, when comparing the concentration of hydrogen ions at the given pH values, Sigma 
cane would be expected to have double the concentration of hydrogen ions as US cane sucrose, 
which would be expected to have double the concentration of hydrogen ions as US beet. Since 
the relative amounts of hydrogen ions between the sucrose sources is the same, it would be 
expected that a difference in the kinetic parameters would be observed between Sigma and US 
cane sucrose if pH were the primary factor affecting sucrose thermal behavior. 
Other investigators have found that the presence of inorganic salts in sucrose solutions 
can alter the rate of sucrose thermal decomposition (Fagerson, 1969), with evidence for sodium 
carbonate inhibiting the reaction (Richards, 1986), while the presence of sodium, potassium, 
calcium, or magnesium ions increased the rate of thermal decomposition (Eggleston et al., 
1996a, 1996b; Lowary and Richards, 1988; Poncini, 1980; Richards, 1986). The conductivity ash 
results in Table 3.6 indicate there are differences in the soluble salt content of each sucrose 
source. US cane has the highest conductivity ash value, which would suggest that it would be the 
most likely to be inhibited based on research done by Lu et al. (2017c). However, US cane 
displays the same behavior as Sigma cane, and US beet, which has a lower conductivity ash 
content than US cane, exhibits a higher Ea, suggesting inhibition of thermal decomposition. To 




commonly found in sucrose. From the ICP-OES results in Table 3.8, it is seen that US cane 
contains more calcium and potassium than Sigma cane, which would suggest that thermal 
decomposition would occur faster in US cane than Sigma cane. However, they have similar 
activation energies, indicating that the reactions proceed at similar rates. Additionally, US beet 
sucrose has higher sodium and potassium contents than both cane sources, but the reaction rate is 
slower than either cane source. The differences in inorganic impurities between US cane and 
Sigma cane, while both display similar reaction kinetics, suggests a different factor is responsible 
for the difference in the reaction rate for cane and beet sourced sucrose. 
Previous work has demonstrated that beet sucrose has a higher sulfite content than cane 
sucrose (Lu et al., 2017c), which is consistent with the results reported in Table 3.6. The 
differences between the results from the sulfite assay and the ICP analysis is likely due to the 
fact that sulfur is a fugitive element, which often volatilizes during sample preparation, making it 
difficult to quantify using ICP. The presence of sulfite in US cane sucrose by ICP could be due 
to the presence of an ionic salt of sulfur, as no sulfite was detected using the sulfite assay. The 
presence of sulfite in beet sucrose, but not cane, is the most likely reason for the differences in 
the kinetic behavior of the two sucrose sources. The likely mechanism by which this occurs is 
the reaction of sulfite with a reducing sugar (Ingles, 1959; McWeeny, 1974; Shore et al., 1984), 
suggesting thermal decomposition in beet sucrose may be inhibited after hydrolysis, preventing 
further stages of the reaction scheme that are possible in cane sourced sucrose, which lacks an 
inhibiting agent.  
 In addition to determining the Ea and A for each sucrose source, the k and t1/2 were also 
calculated for each source to examine the temperature dependence of their behavior. The k 




are not significantly different when comparing Sigma and US cane sucrose, while they are 
significantly lower for US beet sucrose. By comparing rate constants, the relative rates of 
thermal decomposition based on sucrose source can be determined. At 130°C, both cane sucrose 
sources react approximately 1240 times faster than beet sucrose. As the temperature increases, 
the difference between reaction rates decreases, with cane reacting 575 times as fast at 150°C, 
and 280 times as fast at 170°C. The t1/2 values summarized in Table 3.13 also illustrate that the 
reaction occurs faster in cane sucrose than beet at any given temperature. The k and t1/2 values 
support the Ea data and reinforce the importance of composition and chemistry to the kinetics of 
thermal decomposition in sucrose, with sulfite appearing to inhibit thermal decomposition in beet 
sucrose. These values can also be used to perform an isothermal verification of the kinetics, 
which will be examined in Chapter 5 to explore the physical mechanism by which thermal 
decomposition occurs in sucrose crystals. 
3.6 Conclusions 
 The shape of the Arrhenius plots combined with the Ea, A, k, and t1/2 values for the 
thermal decomposition of beet and cane sucrose have been characterized and were used to 
elucidate the differences between cane and beet sucrose thermal decomposition. The lack of a 
slope change in the Arrhenius plots of the small peak of cane sucrose indicates that thermal 
decomposition is the only event contributing to the presence of the small peak. All sucrose 
sources have a slope change in the large peak Arrhenius plots, indicating that multiple events 
contribute to the large peak behavior. In the case of sucrose, the two events appear to be thermal 
decomposition at low heating rates and melting at high heating rates, as indicated by the 
steepness of the slope at high heating rates. Additionally, beet sucrose at low heating rates has a 




suggest that while beet sucrose undergoes thermal decomposition at low heating rates, the 
reaction is inhibited compared to cane sucrose, likely due to the presence of sulfite in beet 
sucrose, which can react with reducing sugars to prevent thermal decomposition after hydrolysis. 
 The differences in the rates of thermal decomposition could affect products containing 
high percentages of sucrose. A candy made with cane sucrose would undergo thermal 
decomposition faster, leading to increased color and flavor development compared to beet 
sucrose. If color development is a negative aspect of a product, the use of beet sucrose instead of 
cane may be preferable, as it will take longer to react on heating. 
 Further work will verify the kinetic constants calculated herein by comparing the half-life 
of the reaction to the half-life determined from isothermal heating of sucrose to probe the 
physical mechanism of sucrose thermal decomposition. Examining the isothermal behavior of 
sucrose thermal decomposition kinetics will examine whether thermal decomposition in 
crystalline sucrose occurs throughout the crystal or within mother liquor occlusions present in 
the crystal lattice. Additionally, the isothermal study will examine the chemical mechanism of 
decomposition by tracking the loss of sucrose and the formation of glucose, fructose, and other 






Table 3.1: Activation energy (Ea) and pre-exponential factor (A) values from the literature for the 
thermal decomposition of crystalline sucrose. Both studies were performed using analytical 
grade cane sucrose. 
Study Method Sucrose Source Ea (kJ/mol) A (min-1) 
Abd-Elrahman and 
Ahmed (2009) 




Lee et al. (2011c) Solid state, DSC Sigma cane 177.27 7.58E+21 
 
Table 3.2: Sigma cane sucrose programmed final temperatures and Tmonset values for the small 










0.5 178 127.91 ± 2.44 155.86 ± 1.85 
1 185 133.64 ± 0.81 160.89 ± 1.52 
5 197 145.52 ± 0.32 175.18 ± 1.16 
10 208 150.66 ± 0.73 181.78 ± 1.21 
25 220 158.36 ± 0.59 187.66 ± 0.71 
50 240 165.44 ± 0.64 189.05 ± 0.66 
 
Table 3.3: US cane programmed final temperatures and Tmonset values for the small and large 









0.5 185 127.11 ± 1.50 164.70 ± 0.58 
1 189 133.28 ± 1.41 171.41 ± 0.77 
2 195 137.93 ± 0.73 177.47 ± 0.59 
5 200 145.12 ± 0.74 185.34 ± 0.44 
10 210 150.92 ± 0.81 187.40 ± 0.11 
25 220 157.30 ± 0.27 188.28 ± 0.12 






Table 3.4: US beet programmed final temperatures, and Tmonset values for the large endothermic 





Large Peak Tmonset 
(°C) 
0.5 188 175.51 ± 0.62 
0.75 189 178.19 ± 0.22 
1 190 180.92 ± 0.72 
1.25 192 182.18 ± 0.19 
1.5 193 183.50 ± 0.94 
2 197 184.90 ± 1.17 
3 198 186.55 ± 0.36 
5 199 187.07 ± 0.74 
10 205 187.58 ± 0.68 
25 215 188.50 ± 0.22 
50 235 189.23 ± 0.29 
 
Table 3.5: Mannitol final temperatures and Tmonset values at each heating rate examined. 
Although the Tmonset did not increase with heating rate, at higher heating rates the peaks were 






0.5 175 164.24 ± 0.35 
1 175 165.06 ± 0.09 
25 210 165.12 ± 0.11 
50 220 165.66 ± 0.38 
 
Table 3.6: Chemical attributes of sucrose samples. Means with the same superscript letter, within 











Sigma cane SLBJ3869V 0.08 ± 0.01b 5.38 ± 0.10c 8.24 ± 0.04c ND** 
US cane F0358DS2571 0.18 ± 0.00a 5.71 ± 0.06b 159.76 ± 1.10a ND 
US beet E9251 0.10 ± 0.01b 6.04 ± 0.06a 112.29 ± 0.30b 12.73 ± 1.71 
*The pH of HPLC grade water = 5.55 ± 0.01 






Table 3.7: Summary of particle size distribution for Sigma analytical grade (two lots), US cane, 
US beet sucrose, and mannitol used in the thesis. Examples of the particle size distributions are 
included in Appendix A. Means with the same superscript letter, within a column, are not 




















































US cane (ppm) US beet (ppm) 
Ca 6.60 38.79 3.00 
Fe 1.12 0.45 0.62 
K 0.93 18.36 40.39 
Mg 4.06 4.63 3.00 
Na 4.75 4.84 10.62 
P ND* ND ND 
S ND 34.36 ND 
Si 8.50 16.20 8.96 
Zn ND 0.05 0.46 







Table 3.9: Summary of the ΔTmonset between heating rates of 1 to 25°C/min and 0.5 to 50°C/min 
for each sucrose source and mannitol. All sucrose sources have a significantly higher heating rate 
dependency than mannitol. For both sets of heating rate, the ΔTmonset for beet is significantly 
lower from the cane sources. Means with the same superscript letter, within a column, are not 
significantly different (α = 0.05). 
Sucrose Source 
Small Peak 
ΔTmonset 1 to 
25°C/min (°C) 
Small Peak 




24.72 ± 0.16b 37.53 ± 1.41a 
Sigma cane 
large peak 
26.77 ± 0.78a 33.19 ± 1.57b 
US cane small 
peak 
24.02 ± 0.77b 37.28 ± 0.38a 
US cane large 
peak 
16.87 ± 0.43c 24.60 ± 0.77c 
US beet 7.59 ± 0.34d 13.72 ± 0.35d 
Mannitol 0.60 ± 0.29e 1.41 ± 0.65e 
 
Table 3.10: Summary of the ΔTmonset for commercial beet sucrose over different heating rate 
ranges, including 1 to 25°C/min and 0.5 to 50°C/min for comparison, 0.5 to 2°C/min to examine 
the low heating rate range, 3 to 50°C/min to examine the high heating rate range, and 0.1 to 
2°C/min to further investigate the heating rate dependency at lower heating rates. 
Heating Rate Range (°C/min) ΔTmonset (°C) 
1 to 25 7.59 ± 0.34 
0.5 to 50 13.72 ± 0.34 
0.5 to 2 9.40 ± 0.40 
3 to 50 2.68 ± 0.11 






Table 3.11: Summary of kinetic parameters (Ea = activation energy, A = pre-exponential factor) 
for analytical grade cane, US commercial cane, and US commercial beet sucrose at low heating 
rates (0.5 to 2°C/min). The means of all reported values were compared and means with the same 
uppercase superscript letter, within a column, are not significantly different (α = 0.05). 
Additionally, the means were compared without including US beet at high heating rates, as its 
large value prevents the determination of differences between other Ea, and means with the same 




Ea (kJ/mol) A (min-1) 
Sigma cane small peak 0.5 to 50 175.5 ± 5.6B,b 1.34E+22 ± 1.51E+22 
Sigma cane large peak 0.5 to 10 179.3 ± 10.3B,b 8.38E+22 ± 7.13E+22 
US cane small peak 0.5 to 50 175.9 ±0.8B,b 5.75E+21 ± 1.40E+21 
US cane large peak 0.5 to 5 179.6 ± 2.9B,b 2.25E+22 ± 1.86E+22 
US beet low HR 0.5 to 2 234.2 ± 12.3B,a 9.90E+26 ± 6.99E+26 
US beet high HR 3 to 50 1708.6 ± 189.6A 9.88E+208* 
US beet 0.1 to 
2.0°C/min 
0.1 to 2 186.9 ± 4.4B,b 5.19E+20 ± 5.07E+20 
*The extremely large A value for US beet sucrose at high heating rates prevented the 
calculation of a standard deviation 
 
Table 3.12: Summary of rate constants for Sigma cane, US cane, and US beet sucrose at 10°C 
intervals between 100 and 180°C. Means with the same letter, within a row, are not significantly 
different (α = 0.05). 
Temperature (°C) Sigma cane k (min-1) US cane k (min-1) US beet k (min-1) 
100 1.38E-03 ± 0.29E-03a 1.33E-03 ± 0.02E-03a 3.19E-07 ± 2.40E-07b 
110 6.01E-03 ± 1.01E-03a 5.84E-03 ± 0.14E-03a 2.13E-06 ± 1.38E-06b 
120 2.42E-02 ± 0.31E-02a 2.38E-02 ± 0.07E-02a 1.30E-05 ± 0.71E-05b 
130 9.13E-02 ± 0.84E+02a 9.04E-02 ± 0.32E-02a 7.34E-05 ± 3.24E-05b 
140 3.23E-01 ± 0.20E-02a 3.22E-01 ± 0.13E-02a 3.85E-04 ± 1.31E-04b 
150 1.08E+00 ± 0.05E+00a 1.08E+00 ± 0.05E+00a 1.88E-03 ± 0.46E-03b 
160 3.42E+00 ± 0.17E+00a 3.43E+00 ± 0.17E+00a 8.59E-03 ± 1.35E-03b 
170 1.03E+01 ± 0.08E+01a 1.03E+01 ± 0.06E+01a 3.69E-02 ± 0.28E-03b 






Table 3.13: Summary of half-lives for Sigma cane, US cane, and US beet sucrose at 10°C 
intervals between 100 and 180°C. Means with the same letter, within a row, are not significantly 
different (α = 0.05). 
Temperature (°C) 
Sigma cane t1/2 
(min) 
US cane t1/2 (min) US beet t1/2 (min) 
100 530 ± 120b 520 ± 10b 3400000 ± 1700000a 
110 120 ± 20b 120 ± 10b 150000 ± 200000a 
120 29 ± 4b 29 ± 1b 68000 ± 27000a 
130 7.7 ± 0.8b 7.7 ± 0.3b 11000 ± 3700a 
140 2.15 ± 0.13b 2.16 ± 0.09b 1988 ± 548a 
150 0.64 ± 0.02b 0.64 ± 0.03b 390 ± 80a 
160 0.20 ± 0.01b 0.20 ± 0.01b 82 ± 12a 
170 0.068 ± 0.005b 0.067 ± 0.004b 19 ± 1a 







Figure 3.1: DSC curves of analytical grade Sigma cane, US cane, US beet, and Sugar in the Raw 
(cane) collected at a heating rate of 10°C/min (Lu et al., 2017a). The onset temperature for cane 
is lower than beet, and a small endothermic peak prior to the main endothermic peak is present in 
cane, but not beet. 
 
 
Figure 3.2: Illustration of the structure of the sucrose crystal excerpted from Lu et al. (2017a), 










Figure 3.3: Mechanism of sucrose thermal decomposition in both the crystalline solid (solid arrow) and aqueous phases (dashed 










Figure 3.4: Arrhenius plot of Tmonset of thermal decomposition for beet and cane sucrose sources for heating rates between 0.5 and 
50°C/min. The onset temperature for US commercial beet sucrose is the onset of the large endothermic DSC peak, while the onset 
temperatures of both the small and large endothermic DSC peaks are plotted for cane sucrose sources.  
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Figure 3.5: Arrhenius plot of the Tmonset of mannitol from 0.5 to 50°C/min. Mannitol displays the expected thermodynamic behavior, 
with a steep slope. The x-axis values were set to match those in Figure 3.4 to allow for the comparison of the behavior of mannitol to 
that of sucrose. 
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Chapter 4:  Exploring the effect of lot-to-lot variation on the thermal behavior of Sigma 
analytical grade cane sucrose 
4.1 Abstract 
 Variations in the behavior of different lots of an ingredient are important to account for 
when characterizing ingredients as materials, since process variation during manufacturing can 
be caused by differences between lots of the same material. In the case of sucrose, it has been 
suggested that differences in impurities between lots of sucrose from the same manufacturer can 
lead to variations in the thermal behavior of the material, however, this phenomena has not been 
extensively examined. To explore the effects of lot-to-lot variation on the thermal behavior of 
sucrose, the thermal behavior parameters, including the onset temperature, peak temperature, and 
enthalpy for both the small and large peak from DSC curves, and the kinetic parameters for four 
lots of analytical grade cane sucrose were compared. Differences were observed in the thermal 
behavior parameters between the lots. The kinetic parameters for the small peak were consistent, 
but one lot exhibited a larger activation energy for the large peak than the other lots, possibly 
indicating differences due to impurities. While the differences in the thermal behavior were 
relatively small, considering the behavior of several lots of sucrose provides a better predictor of 
the variability that could be encountered between different lots of the same material.   
4.2 Introduction 
 Variations in the behavior of different lots of an ingredient need to be accounted for when 
characterizing ingredients as materials, as lot-to-lot variation in ingredients is one of the main 
sources of process variation during manufacturing. Increased variation during manufacturing 
raises the likelihood that the final product will not meet manufacturing specifications (Mockus et 




rather than biological, replicates, instead of using several lots to account for lot-to-lot variations 
in the material (Klaus, 2015; Mockus et al., 2015). Since the use of technical replicates does not 
account for lot-to-lot variations, it is important to characterize the thermal behavior of several 
lots of a material to accurately predict the behavior of the material, rather than specific lot 
behavior. 
 In the case of sucrose, it has been suggested that differences in the impurities between 
different lots of sucrose from the same producer and plant source can impact the thermal 
behavior of the sucrose. While examining the impact of different salts on the thermal 
decomposition of sucrose solutions, Eggleston et al. (1996b) observed a 4 hour lag time before 
the onset of the reaction. This lag time was twice as long as the 2 hour time recorded by Richards 
(1988) for the same reaction system and brand of sucrose. To explain the difference in the lag 
times, Eggleston et al. (1996b) postulated that the observed discrepancies were due to lot-to-lot 
variations in the amounts of salts present in the “as is” sucrose, although salt content was not 
measured. Salts were proposed as the cause of the discrepancies because the addition of salts to 
sucrose solutions had previously been observed to alter the rate of sucrose thermal 
decomposition (Lowary and Richards, 1988; Poncini, 1980; Richards, 1986). However, the 
impact of lot-to-lot variations on the rate of thermal decomposition was not further explored.   
 Other studies have also cited lot-to-lot variation to explain differences in the observed 
thermal behavior of sucrose. Eggleston et al. (1996a) compared TGA curves of sucrose to those 
collected by Richards and Shafizadeh (1978) and noted that their TGA curves were smaller and 
less broad than those obtained by Richards and Shafizadeh. The two reasons suggested for the 
differences between the TGA curves were the increased resolution of the newer instrument and 




sample were not measured. However, the impact of each factor was not further investigated. 
More recently, in a study examining the thermal behavior of sucrose, Lee et al. (2011b) noted 
that the differences in the number and location of peaks in DSC curves of sucrose seemed to be 
associated with the presence of impurities and suggested that lot-to-lot variation could be 
responsible for the variations in the literature reported melting temperatures of sucrose, based on 
the evidence in the studies summarized above.  
 These reports suggest that lot-to-lot variation within sucrose produced by the same 
manufacturer could lead to significant differences in thermal behavior. The presence and 
amounts of different impurities could be responsible for the differences in thermal behavior, as 
suggested by Eggleston et al. (1996a, 1996b). Additionally, the impurities could cause pH 
difference between lots, which could also impact thermal behavior. However, there is currently 
no data examining the impact of lot-to-lot variation on the thermal behavior of analytical grade 
sucrose. Since the loss of crystalline structure of sucrose is associated with the onset of thermal 
decomposition (Lee et al., 2011a, 2011b; Lu et al., 2017a), impurities would be expected to alter 
Tmonset and the associated kinetic parameters, as it has been shown that the presence and amounts 
of certain salts can alter the rate of sucrose thermal decomposition. 
 To better characterize the impact of lot-to-lot variation on the thermal behavior of 
sucrose, the present study will examine the thermal behavior of four lots of analytical grade cane 
sucrose at several heating rates, three collected herein and one that was previously collected by 
Lee et al. (2011c). The Tmonset, peak temperature (Tp), and peak enthalpy (ΔH) for both the small 
and large peaks present in the sucrose DSC curves will be compared at all heating rates studied, 
as will the kinetic information (activation energy (Ea) and pre-exponential factor (A)) for thermal 




Chapter 3 (Table 3.11) and by Lee et al. (2011c), it is expected that variations between lots of 
analytical grade sucrose will not significantly impact the kinetic parameters, although, the 
variations in thermal decomposition behavior described by (Eggleston et al., 1996a, 1996b) 
suggest there may be differences in the thermal behavior of different lots. 
4.3 Materials and Methods 
4.3.1 Materials 
 Analytical grade crystalline sucrose (S0389, Sigma-Aldrich Corp., St. Louis, MO, lots 
SLBJ3869V, SLBR5401V, and SLBL7815V) was used “as is” for all experiments. Lots will be 
abbreviated throughout as follows (summarized in Table 4.1): SLBJ3869V is lot A, SLBR5401V 
is lot B, and SLBL7815V is lot C. All samples were stored in their original packaging and sealed 
with parafilm after opening and between uses. Previously published data (Lee et al., 2011c) 
collected using the same analytical grade sucrose from an unknown lot was included as lot D. 
HPLC water (Macron Fine Chemicals, Central Valley, PA, USA, batch 0000122048) was used 
as a solvent for some characterization experiments. 
4.3.2 Thermal Analysis 
 Samples were analyzed using the same method as in Chapter 3 (Section 3.3.2). 
Approximately 10 mg of sucrose was placed in a Tzero pan (TA Instruments, New Castle, DE, 
USA) and hermetically sealed with a Tzero aluminum hermetic lid (TA Instruments). Samples 
were analyzed using a Q2000 DSC equipped with an autosampler (TA Instruments) and 
refrigerated cooling unit (RCS 90). For analysis, samples were equilibrated at 25°C and heated at 
the following heating rates: 0.5, 1, 5, 10, 25, or 50°C/min until complete loss of crystalline 
structure was achieved. The final temperatures for each heating rate are summarized in Table 




Universal Analysis (TA Instruments) to determine the Tmonset, Tp, and ΔH for both the small and 
large peaks present in the DSC curves. 
4.3.3 Material Characterization 
4.3.3.1 Karl Fischer 
 Moisture content was determined by volumetric Karl Fischer titration using an Aquastar 
AQV21 Volumetric Titrator (EMD Millipore Corporation, Darmstadt, Germany) with a two 
solvent system composed of a 50:50 mixture of formamide and methanol. Measurements were 
made under ambient temperature and relative humidity conditions. Samples were analyzed in 
duplicate by DonLevy Laboratories (Crown Point, IN) and moisture content is reported on a 
%wet basis (g water/ g sample x 100%). 
4.3.3.2 pH 
 Sample preparation and pH measurements were based on the International Commission 
for Uniform Methods of Sugar Analysis (ICUMSA) Method GS1/2/3/4/7/8/9-23 (2009). 5g of 
each sample was dissolved in 5g of HPLC water (to form a solution with a 50:50 w:w ratio of 
sucrose: water) in a 15 mL polypropylene conical centrifuge tube (Thermo Fisher Scientific, 
Rochester, NY, Catalog #339650). Samples placed in a water bath, held at 80°C, and vortexed 
every 5 minutes until all sucrose crystals had dissolved, the total time in the water bath was 
approximately 25 minutes. The samples were then cooled to room temperature prior to analysis. 
pH was measured using a SevenEasy pH meter (Mettler Toledo, Columbus, OH) equipped with a 
Mettler Toledo InLab 413 pH probe. BuffAR reference solutions (Mallinckrodt Chemicals, St. 
Louis, MO, USA) of pH 4.00 (pink), 7.00 (yellow), and 10.01 (blue) were used to calibrate the 
instrument prior to measuring samples. The pH of pure HPLC water was also determined. All pH 




4.3.3.3 Conductivity Ash 
 Sample preparation and conductivity ash measurements were based on the ICUMSA 
Method  GS1/3/4/7/8-13 (ICUMSA, 1994). 7g of each sample was dissolved in 18g HPLC water 
(giving a w:w ratio of 28:100 of sucrose:solution) in a 50mL disposable polyethylene tube with a 
screw cap. To completely dissolve the sucrose, the samples were heated at 80°C in a water bath 
and vortexed every 5 minutes until no crystalline sucrose remained. Complete dissolution was 
achieved in approximately 20 minutes. Samples were then cooled to room temperature prior to 
analysis. Samples and the HPLC water were analyzed with a conductivity probe (Orion 
DuraProbe 4-cell conductivity sensor) attached to an Orion Versa Star Pro Multiparameter 
Benchtop Meter (ThermoFisher Scientific, Waltham, MA, USA) calibrated using 47 ppm (100 
μS/cm conductivity standard), 692 ppm (1413 μS/cm conductivity standard), and 7230 ppm 
(12.9 mS/cm conductivity standard) sodium chloride solutions. Conductivity and temperature of 
the samples were recorded. The conductivity values were converted to the conductivity value at 
20°C using Equation 4.1: 
𝐶20° =
𝐶𝑇
1 + 0.023(𝑇 − 20)
(4.1) 
where CT is the conductivity in μS/cm at the measured temperature, T, in degrees Celsius. The % 
conductivity ash in the samples was then calculated using Equation 4.2: 
𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑎𝑠ℎ % = 6 ∗ 10−4 ∗ (𝐶𝑠𝑎𝑚𝑝𝑙𝑒 − 0.35𝐶𝑤𝑎𝑡𝑒𝑟) (4.2) 
where Csample is the measured conductivity of the sucrose solutions and Cwater is the measured 
conductivity of the HPLC water in which the samples were prepared. The % conductivity ash 





 Kinetic calculations were performed as outlined in Chapter 3 (Section 3.4), using the 
Flynn-Wall-Ozawa method outlined in ASTM E698 (2005). The nine replicates from each 
heating rate were randomly divided into three groups, with each group containing three replicates 
at each heating rate. These values were then averaged and plotted in an Arrhenius plot, from 
which the kinetic parameters were obtained for the small and large peak of each lot of sucrose. 
For the small peak, all heating rates were used to calculate the kinetic parameters, while for the 
large peak of all lots, the kinetic parameters were obtained using data collected between 0.5 and 
10°C/min, as a change of slope was observed in the Arrhenius plots between 10 and 25°C/min. 
4.3.5 Statistics 
 Nine samples of sucrose from each lot were analyzed at each heating rate. Tmonset, Tp, and 
ΔH values for both the small and the large peak were compared at each heating rate. Data 
previously collected by Lee et al. (2011c), which included Tmonset, Tp, and ΔH for Sigma sucrose 
at heating rates between 1 and 100°C/min (3 replicates at each heating rate), DSC parameters for 
this data are included in Appendix B, was also included in the statistical comparisons. The means 
for each value were compared by performing a one-way ANOVA using the aov function in 
RStudio (RStudio 1.0.153, RStudio, Boston, MA), with α = 0.05 used to determine significance. 
If the ANOVA test indicated that at least one of the tested means was different, a Tukey’s HSD 
test was performed using the HSD.test function in the agricolae library to group the means by 
significant difference. The kinetic parameters and results of the characterization analyses were 




4.4 Results and Discussion 
4.4.1 Material Characterization 
4.4.1.1 Karl Fischer 
 The moisture content of the reaction system is important because water is one possible 
source of hydrogen ions which can catalyze the thermal decomposition of sucrose (Clarke et al., 
1997; Poncini, 1980; Richards, 1986). Additionally, increased moisture content could indicate 
that the sucrose crystals contain more inclusions (Powers, 1958), and the presence of inclusions 
has been associated with the onset of thermal decomposition within the crystal lattice (Lu et al., 
2017c). The Karl Fischer moisture content of each lot is summarized in Table 4.3. Lot B has a 
significantly higher moisture content than the other lots (p ≤ 0.05). 
4.4.1.2 pH 
 The pH of sucrose should be considered when examining thermal decomposition, as 
sucrose thermal decomposition can be catalyzed by hydrogen ions (Kelly and Brown, 1978; 
Mauch, 1971; Poncini, 1980; Schoebel et al., 1969; Vukov, 1965). Therefore, variations in the 
pH between different lots could lead to differences in the rate of thermal decomposition between 
lots. The pH of each lot is summarized in Table 4.3, and no significant differences were observed 
between lots (p ≥ 0.05).  
4.4.1.3 Conductivity Ash 
 The conductivity ash measurement is a measure of the overall purity of the samples in 
relation to the presence of inorganic materials, as it gives the concentrations of ionized soluble 
salts present in each sample (ICUMSA, 1994). The conductivity ash content for each lot of 
Sigma sucrose is summarized in Table 4.3, and no statistical differences were observed between 




soluble salts. Some of the most common cations in sucrose, as reported by Pohl and Stecka 
(2011) and Rodushkin et al. (2011), were analyzed by ICP-OES in Chapter 3 (Section 3.5.1.5). 
4.4.2 Thermal Behavior 
 Differences in the thermal behavior of different lots of Sigma sucrose, henceforth 
referred to as sucrose, were compared by examining statistical differences in the Tmonset, Tp, and 
ΔH for each peak (small and large) at each of the measured heating rates. Values were not 
compared across heating rates, as all values are expected to increase with increasing heating rate 
due to the kinetic nature of the transition of interest (Lee et al., 2011b). Additionally, statistical 
differences in the total ΔH for both peaks at each heating rate and the kinetic parameters for the 
thermal decomposition of sucrose were compared. For clarity, the Tmonset, Tp, and ΔH values will 
be grouped as thermal behavior parameters when discussed together, and the Ea and A values 
will be referred to as kinetic parameters when discussed together. It is important to note that the 
goal of this research is not to determine the causes of any differences in thermal behavior that are 
observed, but rather to explore whether statistical differences exist in the thermal behavior of 
different lots of analytical grade sucrose. As such, the focus will be on the observed thermal 
behavior differences and their impact on the kinetic parameters of sucrose thermal 
decomposition. However, the material characterization data that was collected was used to 
hypothesize potential causes of differences in the thermal behavior and kinetic parameters so that 
future researchers can further explore the differences observed herein.  
 The Tmonset and Tp values for the small peak of each lot of sucrose are illustrated in Figure 
4.1 and Figure 4.2, respectively, and the data from which these figures were constructed is 
included in Appendix C. When comparing the Tmonset, there are significant differences across all 




Tp temperatures exhibit similar behavior, with significant differences at all heating rates except 
for 0.5°C/min. However, none of the lots consistently exhibited the largest Tp value, as was 
observed for the Tmonset values. Additionally, Tp values have larger variability, as indicated by 
their larger standard deviations compared to the Tmonset values. The larger standard deviations 
may be due to the shape of the small peak, as the shape influences how Tp is determined by the 
Universal Analysis software, as illustrated in Figure 4.3. In the software, Tp is the point at which 
the heat flow signal displays a maximum deviation from the assigned baseline (TA Instruments, 
2002). The small peak does not always return to the baseline prior to the large peak beginning, 
leading to no maximum deviation from the linear baseline prior to the beginning of the large 
peak. When there is no maximum deviation prior to the beginning of the large peak, the point of 
maximum deviation from the baseline becomes the point the operator assigned as the end of the 
small peak. The use of the operator assigned point as the Tp value leads to an increase in the 
average Tp and causes the value of Tp to depend on the operator’s judgment, rather than being a 
mathematically determined value.  
 The Tmonset and Tp for the large peak display similar behavior to those for the small peak 
and are summarized in Figures 4.4 and 4.5. Significant differences are observed in the large peak 
Tmonset across all heating rates (p ≤ 0.05), with lot C always having the highest Tmonset. There are 
also significant differences in Tp at all heating rates, with lot C having the highest value at all 
heating rates, except for 1°C/min. 
 The rate of sucrose thermal decomposition is affected by the pH of the material (Kelly 
and Brown, 1978; Mauch, 1971; Poncini, 1980; Schoebel et al., 1969; Vukov, 1965) and the 
presence of impurities (Eggleston et al., 1996b; Lowary and Richards, 1988; Richards, 1986). In 




monitored as differences in the amount of time required for loss of sucrose to be observed during 
heating (Eggleston et al., 1996a, 1996b; Lowary and Richards, 1988). In non-isothermal studies 
done using DSC, the change in the reaction rate could be observed as a shift in the Tmonset. 
Therefore, the differences in Tmonset between the different lots could be due to differences in pH, 
impurities, or moisture content of the different lots of sucrose. While there are no statistical 
differences in the pH or conductivity ash values for lots A, B, and C, suggesting that the 
observed differences may not be due to impurities, lot B’s increased moisture content could be 
responsible for that lot consistently exhibiting the lowest Tmonset. Another cause could be the 
specific ions present in each lot. Conductivity ash is a measure of the amount of soluble salts 
present in a material; it does not quantify the identity or relative amounts of specific ions 
(ICUMSA, 1994). Since specific ions have different effects on the rate of sucrose thermal 
decomposition (Eggleston et al., 1996b; Richards, 1986), each lot may contain different ionic 
impurities with differing effects on the reaction rate. 
 To facilitate the discussion of the observed statistical differences in ΔH values, the 
discussion will be prefaced by an exploration of the physical significance of peak enthalpy. In 
DSC, the ΔH value is determined from the area under a given peak in a DSC curve. Physically, 
the ΔH values are the difference in enthalpy by comparing the enthalpy of the material prior to 
the thermal event (H1) to the enthalpy of the material after the thermal event (H2), as described in 
Equation 4.3 (Wunderlich, 1990): 




where T1 is the temperature at which the thermal event begins and T2 is the temperature at which 
the thermal event ends. For thermal events, the observed enthalpy represents the extent of the 




thermal decomposition (Wunderlich, 1990). Therefore, observed differences in enthalpy between 
different lots of sucrose could indicate different extents of thermal decomposition and loss of 
crystalline structure are contributing to the size of the observed peaks. 
 For the small peak ΔH values, which are illustrated in Figure 4.6, there are statistically 
significant differences between lots of sucrose at heating rates greater than or equal to 10°C/min 
(p ≤ 0.05), with lot D always exhibiting the largest ΔH value. The larger ΔH value observed for 
lot D could be due to the data being analyzed by different researchers or due to differences in the 
amounts or identities of impurities present in that lot. As was discussed for the peak temperature 
of the small peak, the point assigned as the end of the small peak can affect the peak enthalpy. At 
10, 25, and 50°C/min, lot D had the largest ΔH, followed by B, C, and then A. The large peak 
ΔH values are illustrated in Figure 4.7, and only display significant differences at heating rates of 
5, 10, and 25°C/min (p ≤ 0.05). At the other heating rates, lot A displayed large variability, 
possibly obscuring statistical differences. It was also observed that the relative magnitudes of the 
large peak ΔH values did not follow the same pattern as the small peak ΔH values, as lot D did 
not consistently have the largest ΔH value. There were also significant differences in the total 
ΔH values at heating rates of 5, 10, and 50°C/min (p ≤ 0.05), as illustrated in Figure 4.8. 
 The differences in the ΔH values of each peak and the total ΔH value were likely due to 
differences in the extent of thermal decomposition that occurred during heating. Since the small 
peak in the DSC curve of sucrose is associated with the onset of thermal decomposition (Lee et 
al., 2011a, 2011b; Lu et al., 2017b), the observed variation in the small peak enthalpy values 
could be due to different amounts of thermal decomposition occurring during the small peak 
temperature range in each lot. The amount of thermal decomposition would also contribute to 




crystalline structure is lost. Different amounts of thermal decomposition could again be caused 
by differences in the type or amount of impurities. Recent studies have demonstrated that the 
composition and chemistry of sucrose from different sources can affect the Tmonset and ΔH of 
peaks in DSC curves of sucrose (Beckett et al., 2006; Lu et al., 2017c). However, since there are 
no significant differences in the conductivity ash or pH values of the studied lots, it is unclear 
what factors may be contributing to the observed statistical differences. To further examine the 
effect of thermal decomposition on ΔH, chemical data would be needed to compare the amounts 
of thermal decomposition products across lots at the end of the small peak, and more specific 
identification of the impurities present would be needed to determine possible causes of observed 
differences. 
 The differences observed in the thermal behavior parameters of the small and large peaks 
of different lots of sucrose indicate that there are lot-to-lot variations in sucrose. However, the 
only significant difference observed in the characterization data summarized in Table 4.3  is a 
higher moisture content for lot B, which could be the reason it has the lowest observed small 
peak Tmonset at all heating rates, as water is thought to be a source of hydrogen ions for thermal 
decomposition (Clarke et al., 1997; Poncini, 1980; Richards, 1986). Increased moisture content 
could also indicate the presence of more mother liquor occlusions within the crystal structure 
(Powers, 1958). Increased mother liquor occlusions could also facilitate the onset of thermal 
decomposition, as Lu et al. (2017c) suggested that thermal decomposition in crystalline sucrose 
begins in mother liquor occlusions. It was surprising that lot-to-lot variations in the pH or 
conductivity ash values were not observed, as both are known to contribute to variations in the 




 Although there are significant differences in the thermal behavior of different lots of 
Sigma sucrose, do these differences lead to differences in the kinetic behavior of sucrose? Figure 
4.9 is the Arrhenius plot for the small and large peak of each lot of sucrose and was created by 
plotting the log10(HR) versus 1/Tmonset (K-1). The Arrhenius plot illustrates that all lots of sucrose 
have similar behavior, with the small peak plots displaying similar slopes and the large peak 
plots changing slope between 10 and 25°C/min, as observed in Figure 3.4. Kinetic parameters, Ea 
and A, for the thermal decomposition of sucrose were then calculated for the small and large 
peaks of sucrose, and reported in Table 4.4. For the small peak, there were no significant 
differences in the Ea or A values for any lot of sucrose (p ≥ 0.05). For the large peak, lot D had a 
significantly larger Ea than the other lots of sucrose (p ≤ 0.05), although no statistical differences 
were observed in the A values (p ≥ 0.05). When comparing the large and small peak kinetic 
parameters, the Ea for the large peak of lot D is significantly different from the other lots, but 
there are no differences in the value of A. Since there are no consistent statistical differences 
between the thermal behavior parameters of the large peak of lot D and the other lots of sucrose, 
a different comparison is needed to determine why the large peak Ea of lot D is different than 
from the other lots. 
 Examining the difference in Tmonset between the largest and smallest heating rate used to 
calculate the kinetic parameters, rather than all of the thermal behavior parameters at each 
heating rate, is important because the kinetic parameters are calculated based on the slope of the 
line. Over a given range of heating rates, the slope of the Arrhenius plot will be determined by 
the differences between the Tmonset values used to create the plot. Since the plots are linear, the 
differences between Tmonset values at the lowest and highest heating rate on the plot can be 




difference in Tmonset (ΔTmonset) between heating rates of 1 and 10°C/min (Tmonset,10 – Tmonset,1), lot 
D has the lowest ΔTmonset, although it is not significantly different than lot B. However, the 
ΔTmonset value for lot D is 2.36°C lower than that for lot B, which appears to be enough to cause 
the slope change in the Arrhenius plot.  
 Unfortunately, material characterization information from lot D is not available, as the lot 
D data was previously collected by Lee et al. (2011c). The lack of characterization data prevents 
a full explanation of the differences between the behavior of lot D and the other lots, and the 
similarity of the material characterization data for the other lots of sucrose does not allow for 
extrapolation of possible factors that could differ in lot D. One possibility is that lot D could have 
a higher pH than the other lots, which would be expected to slow down the reaction rate (H+ ions 
catalyze sucrose thermal decomposition). Another possibility is that lot D could contain an 
impurity that inhibits thermal decomposition, as impurities have been proposed as the cause of 
thermal behavior differences between the thermal behavior of beet and cane sucrose (Chapter 3, 
Lu et al., 2017c). Another possibility is that there is more thermal decomposition during the 
small peak of lot D, as evidenced by its larger small peak ΔH values compared to the other lots. 
More reaction during the small peak would not affect the small peak Ea, as the Ea is determined 
for the onset of the reaction, but could exhaust thermal decomposition reactants prior to the onset 
of the large peak, increasing the contribution of melting to the behavior of the large peak. 
However, with no characterization data for lot D, it is not possible to do more than speculate as 
to what may have caused increased thermal decomposition during the small peak or the cause of 
the difference in its large peak Ea. 
 Although the rate of thermal decomposition is not altered, except in the case of the large 




lots of sucrose from the same manufacturer. Depending on the temperature range of the process, 
it may be important to account for the differences in the thermal behavior parameters to control 
whether or not phase changes occur during the process, even though the rate of thermal 
decomposition in all lots was similar. The effects of averaging the data from all lots is illustrated 
in Table 4.5. Averaging the values from each lot generally increases the standard deviation, as 
can be seen when these values are compared to those for individual lots summarized in Appendix 
C. The larger standard deviations are expected when the data is aggregated, as more variation in 
behavior is expected across multiple lots. These average values would be better to use for 
designing processes that involve phase changes, as they better estimate the true average values 
and variability that will be encountered during the process. However, lot-to-lot variation appears 
to have little effect on the rate of thermal decomposition at the onset, as indicated by the 
similarity of the kinetic parameters, so it is not essential in kinetic studies. For practical purposes, 
a single lot of sucrose can be used to determine the kinetic parameters, as the variations in 
thermal behavior parameters had little effect on the resultant kinetic parameters.  
4.5 Conclusions 
 Significant differences were observed in the thermal behavior parameters of the small and 
large peaks (Tmonset, Tp, and ΔH), but the only significant difference observed in the kinetic 
parameters was the larger Ea of the large peak of lot D compared to the other lots. Since no 
characterization data is available for lot D, as it was collected independently of the other lots 
(Lee et al., 2011c), the reason for this difference cannot be explored. Other lots did not show any 
significant differences in their kinetic parameters or pH and conductivity ash values, suggesting 




kinetic difference. However, for other lots, no statistical differences in impurities were observed, 
and differences in Tmonset, Tp, and ΔH did not affect the kinetic parameters.  
 Even with the difference between the large peak Ea for lot D and the Ea values calculated 
for the other lots, it is important to consider the behavior of all sucrose from a single 
manufacturer as a single material. By considering the thermal behavior and the composition of 
impurities from multiple lots, rather than a single lot, of a material, a more representative 
variation in the material’s behavior can be quantified. Differences in variation between different 
lots of a material that could lead to losses during manufacturing can then be controlled for when 
designing the manufacturing process (Mockus et al., 2015). Examining multiple lots of sucrose 
when determining thermal decomposition kinetic parameters increases the statistical power of 
the analysis. However, the examination of multiple lots does not appear to be essential when 






Table 4.1: Summary of the lot numbers and the abbreviation that will be used for each lot 
throughout the paper. Lots A, B, and C were studied herein, and lot D is from a previous study 
conducted by Lee et al. (2011c). 




D Not provided 
 
Table 4.2: Final temperatures for DSC scans of each lot at each of the studied heating rates. 
 Final temperature at each heating rate (°C) 
Lot 0.5°C/min 1°C/min 5°C/min 10°C/min 25°C/min 50°C/min 
A 178 185 197 208 220 240 
B 174 182 194 202 217 228 
C 175 184 195 202 212 224 
 
Table 4.3: Chemical attributes of sucrose samples. Means with the same superscript letter, within 
a column, are not significantly different (α = 0.05).  
Lot Lot # 





A SLBJ3869V 0.08 ± 0.01a 5.38 ± 0.10 8.24 ± 0.04 
B SLBR5401V <0.01 5.56 ± 0.13 7.72 ± 0.01 
C SLBL7815V 0.05 ± 0.00a 5.58 ± 0.15 7.90 ± 0.38 
*The pH of HPLC grade water is 5.55 ± 0.01. 
 
Table 4.4: Ea and A values for the small and large peak of each lot of Sigma sucrose. The lot D 
small peak values were determined by Lee et al. (2011c). Means with the same superscript letter, 
within each column, are not significantly different (α = 0.05). 
 Small Peak Large Peak 
Lot Ea (kJ/mol) A (min-1) Ea (kJ/mol) A (min-1) 
A 175.5±6.8 1.34E+22±1.85E+22 179.3±12.6b 8.38E+22±8.73E+22 
B 170.9±2.2 2.11E+21±1.38E+21 170.6±7.7b 5.41E+21±7.99E+21 
C 170.4±2.5 1.79E+21±1.42E+21 167.9±1.4b 6.67E+20±2.91E+20 









Table 4.5: Summary of the average combined thermal behavior parameters for all lots of sucrose examined herein. 




Tmonset (°C) Tp (°C) ΔH (J/g) Tmonset (°C) Tp (°C) ΔH (J/g) Total ΔH (J/g) 
0.5 126.36 ± 1.90 140.15 ± 4.01 2.29 ± 0.80 156.35 ± 2.16 164.65 ± 2.13 118.46 ± 11.26 120.74 ± 11.84 
1 131.61 ± 1.78 142.81 ± 2.58 2.92 ± 1.40 163.03 ± 2.63 171.54 ± 2.16 117.65 ± 7.35 120.58 ± 7.33 
5 144.33 ± 1.19 155.33 ± 1.33 3.80 ± 0.90 177.71 ± 2.65 186.24 ± 2.18 127.66 ± 4.90 131.46 ± 4.40 
10 149.31 ± 1.48 156.76 ± 1.61 6.83 ± 1.32 183.64 ± 2.22 190.60 ± 0.65 129.17 ± 3.73 136.00 ± 3.21 
25 157.00 ± 1.13 167.12 ± 2.48 7.66 ± 2.32 187.70 ± 0.85 192.41 ± 0.65 123.77 ± 5.30 131.43 ± 5.73 






Figure 4.1: Dot plot illustrating differences between the small peak Tmonset for each lot of sucrose 
at each of the studied heating rates. Lots A and D tend to have the highest Tmonset at any given 
heating rate, while lots B and C have lower Tmonset values. There are statistical differences at all 






















Figure 4.2: Dot plot illustrating differences between the small peak Tp for each lot of sucrose at 
each of the studied heating rates. None of the lots consistently has the highest or lowest Tp value. 
There are statistical differences at all heating rates above 1°C/min (p = 0.05), which are 


















Figure 4.3: The shape of the small peak impacts the small peak Tp measured by Universal 
Analysis during analysis. Regardless of the shape of the peak, Tp is determined as the 
temperature at which the heat flow signal displays a maximum deviation from the assigned 
baseline. When the peak returns to baseline and has a distinct shape, the measured Tp is assigned 
before the assigned end of the small peak. If the peak does not return to baseline and has an 





Figure 4.4: Dot plot illustrating differences between the large peak Tmonset for each lot of sucrose 
at each the studied heating rates. Lot C tends to have the highest Tmonset at any given heating rate, 
while lots A and B tend to have lower Tmonset values. There are statistical differences at all 





















Figure 4.5: Dot plot illustrating differences between the large peak Tp for each lot of sucrose at 
each of the studied heating rates. Lot C tends to have the highest Tp at any given heating rate, 
while lots A and B tend to have lower Tmonset values. There are statistical differences at all 


















Figure 4.6: Dot plot illustrating the differences between the small peak ΔH values for each lot of 
sucrose at each of the studied heating rates. Lot D consistently has the highest ΔH value. There 




















Figure 4.7: Dot plot illustrating differences between the large peak ΔH values for each lot of 
sucrose at each of the studied heating rates. No clear trends are observed in the large peak ΔH 
values, which do not follow the same pattern as the small peak ΔH values. There are statistical 


















Figure 4.8: Dot plot illustrating differences between the total ΔH values for each lot of sucrose at 
each of the studied heating rates. No clear trends are observed in the total ΔH values. There are 

























Figure 4.9: Arrhenius plot of Tmonset of thermal decomposition for the small and large peaks of each lot of Sigma sucrose. 
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Chapter 5:  Isothermal evaluation of crystalline sucrose thermal decomposition kinetic 
parameters  
5.1 Abstract 
 Crystalline sucrose from cane and beet sources is >99.8% pure, but display different 
thermal behaviors, including the presence of a small endothermic peak before the main 
endothermic peak in cane, which is not present in beet, leading to a lower onset temperature for 
thermal decomposition in cane. The kinetic parameters for the thermal decomposition of 
crystalline cane and beet sucrose, previously determined using nonisothermal methods, were 
evaluated herein under isothermal conditions. From the results under isothermal conditions, the 
nonisothermal kinetic parameters overestimate the rate constant (k) for cane-sourced sucrose and 
underestimate k for beet. Differences in k were due to the temperature(s) at which the kinetics 
were determined in each method, as the expansion of the reaction through the crystal is affected 
by temperature. Nonisothermal methods predict behavior better at temperatures near the melting 
point, where melting can overlap with the reaction, while isothermal methods are better at lower 
temperatures. 
5.2 Introduction 
 Sucrose, commonly referred to as sugar, is an important agricultural commodity, with a 
reported global consumption of 172.5 million metric tons in 2016 (Sugar: World Markets and 
Trade, 2016). Commercially, sucrose is produced from two plant sources, sugarcane (Saccharum 
officinarum) and sugarbeet (Beta vulgaris), with 77% of global sucrose production from 
sugarcane and the remainder from sugarbeet (Godshall, 2013). In the United States, 43% of 
sucrose is produced from sugarcane, and the remainder from sugarbeet (McConnell, 2017). 




in their aroma profile (Acree et al., 1976; Godshall, 2013; Godshall et al., 1997, 1994; Magne et 
al., 1998; Monte and Maga, 1982; Moore et al., 2004), product performance in certain products 
(Reitz, 2016; Urbanus et al., 2014a, 2014b), and thermal behavior (Lu et al., 2017a, 2017b) have 
been reported. 
 In regards to the thermal behavior of sucrose, it was initially reported by Lee et al. 
(2011a, 2011b) that analytical grade sucrose begins to thermally decompose prior to and 
concomitantly with loss of crystalline structure when examined nonisothermally using 
differential scanning calorimetry (DSC). Lu et al. (2017a) then demonstrated that commercial 
cane sucrose thermally decomposes prior to and concomitantly with melting when studied 
nonisothermally, and that commercial beet sucrose thermally decomposes when held 
isothermally at temperatures below the literature reported melting point of sucrose (~186°C). 
Differences in the DSC thermal profiles of cane and beet sucrose were also noted by Lu et al. 
(2017a), with cane sucrose displaying a small endothermic peak prior to the main endothermic 
melting peak (referred to as the large peak) that was not present in beet sucrose. The small peak 
has also been noted in cane sucrose by a number of other investigators (Beckett et al., 2006; 
Bhandari and Hartel, 2002; Hurtta et al., 2004; Kinugawa et al., 2015; Lee et al., 2011a, 2011b; 
Magon et al., 2014; Saavedra-Leos et al., 2012). To quantify the thermal behavior differences 
between beet and cane sources, the kinetic parameters for the onset of sucrose thermal 
decomposition were determined in Chapter 3 Table 3.11 using methods developed for 
nonisothermal thermal analysis. US beet sucrose, a representative commercial beet sample, was 
determined to have a larger activation energy (Ea) than analytical grade or commercial cane 
sucrose, suggesting that thermal decomposition is inhibited in beet sucrose. The inhibition in 




 The kinetic parameters for solid-state reactions, including the kinetic parameters obtained 
in Chapter 3, are often determined using nonisothermal methods, as they require less 
experimental time than isothermal methods (Brown and Phillpots, 1978). It is generally 
recommended that the kinetic parameters determined using nonisothermal methods be verified 
using isothermal methods, which can help to confirm that a correct model has been chosen to 
describe the reaction (“ASTM E698-11,” 2005; Vyazovkin et al., 2011). In Section 5.3, several 
isothermal methods that exist to verify results obtained nonisothermally will be discussed. 
Ideally, “a truly good kinetic model should simultaneously fit both types of runs [nonisothermal 
and isothermal] with the same kinetic parameters” (Vyazovkin et al., 2011). However, 
discrepancies between isothermal and nonisothermal experiments have been noted (Galwey, 
2004; Maciejewski, 2000; Vyazovkin, 2000; Vyazovkin and Wight, 1997). Possible reasons for 
discrepancies include differences in the temperature range over which reactions are examined 
using each method (Vyazovkin and Wight, 1997) and the interference of phase transitions that 
can occur at the higher temperatures, examined in nonisothermal experiments (“ASTM E698-
11,” 2005; Galwey, 1994; Galwey and Brown, 1995; Vyazovkin and Wight, 1997).  
 The kinetic parameters for Sigma cane, US cane, and US beet sucrose were determined 
using nonisothermal methods in Chapter 3, and the values for the activation energy (Ea) and pre-
exponential factor (A) for each source are summarized in Table 3.11. The Ea and A values were 
then used to calculate the rate constant (k) and half-life (t1/2) for each sucrose source for every 
10°C increase in temperature between 100 and 180°C Tables 3.12 and 3.13. While the Ea and A 
values determined for Sigma sucrose matched those previously determined by Lee et al. (2011c), 
the predicted t1/2 from Chapter 3 at 120°C (Table 3.13) does not match the value determined 




sucrose examined using a quasi-isothermal modulated DSC (QI-MDSC) experiment at 120°C is 
approximately 2000 minutes, a time determined from the point at which half of the sucrose had 
reacted. However, nonisothermal experiments predicted that the t1/2 for Sigma sucrose at 120°C 
would be 29.13 minutes, as reported in Table 3.13. 
 Due to the differences in t1/2 between the previously conducted isothermal study (Lee et 
al., 2011a) and the predicted t1/2 from Chapter 3, the objective of the present study is to examine 
the differences between nonisothermally determined kinetic parameters and the actual isothermal 
behavior by comparing the predicted k from Chapter 3 (Table 3.12) to the k determined from 
isothermal experiments at 130°C. 130°C was chosen instead of 120°C based on the predicted t1/2 
values from Table 3.13, as the predicted t1/2 for US beet sucrose was approximately 68,000 
minutes at 120°C, which cannot easily be examined on an experimental time scale. Although the 
predicted t1/2 value for US beet at 130°C was approximately 11,000 minutes, it was chosen so 
that the predicted t1/2 for cane sources would not be too short to detect via thermal analysis. An 
additional objective of the present study is to examine the differences between cane and beet 
sucrose kinetic behavior under isothermal conditions by comparing the t1/2 for each sucrose 
source at 130°C. It is expected that the kinetic parameters determined using nonisothermal 
methods will overestimate k based on previously collected isothermal information, likely due to 
the different temperature(s) range over which thermal decomposition of sucrose is studied using 
nonisothermal versus isothermal methods. 
5.3 Theory 
 Three different isothermal methods will be used herein to evaluate the thermal 
decomposition kinetic parameters determined in Chapter 3 using nonisothermal methods. The 




known as isothermal aging (Section 5.3.1), in which a sample is heated (aged) isothermally for a 
period of time prior to nonisothermal analysis. The second method (Section 5.3.2) is not typical 
in the thermal analysis literature, but monitors the kinetic parameters as a function of chemical 
changes. The third method uses quasi-isothermal modulated DSC (QI-MDSC) (Section 5.3.3) to 
monitor the kinetic parameters as a function of loss of crystalline structure. The theoretical basis 
of each method will be described in the following sections. 
5.3.1 Isothermal Aging 
 The isothermal aging method is outlined by Duswalt (1974) and in ASTM E-698 (2005) 
to evaluate kinetic parameters determined from nonisothermal experiments using DSC. The t1/2 
for the reaction at a given temperature is calculated from the nonisothermally determined kinetic 
parameters, as was done in Table 3.13. A sample is then isothermally aged (heated) at that 
temperature for a length of time equal to the experimentally determined half-life. The heated 
sample is then cooled and rescanned using a nonisothermal DSC experiment to measure the area 
(enthalpy) of the reaction peak. If the t1/2 is accurate, the enthalpy of the aged sample’s reaction 
peak should be half that of an unaged (as is) sample. The percent of the reaction that has 
occurred can also be calculated using Equation 5.1: 




where ΔHaged is the enthalpy of the reaction peak for the aged sample and ΔHunaged is the enthalpy 
of the reaction peak for an unaged sample. 
5.3.2 Monitoring Chemical Changes 
 The change in the amounts of reactants and products over time when a sample is held at a 




thermal decomposition of sucrose begins with hydrolysis of the glycosidic linkage to create a 
glucose anion and fructocarbocation (Clarke et al., 1997; Richards, 1986). Hydrolysis is followed 
by several reactions. The glucose anion can react with a hydrogen ion to form glucose, while the 
fructocarbocation can undergo several reactions. Further reactions of the fructocarbocation 
include loss of a hydrogen to form anhydrofructose, non-specific degradation to 5-
hydroxymethylfurfural (HMF), the addition of a hydroxide ion to form fructose, or reaction with 
sucrose to form tri- and oligosaccharides (Richards and Shafizadeh, 1978). Due to the 
complicated nature of the sucrose thermal decomposition reaction scheme, it is easiest to monitor 
the reaction rate based on the change in the amount of sucrose during the reaction. 
 Sucrose thermal decomposition is an autocatalytic reaction, so sucrose loss during 
thermal decomposition is not expected to be linear (Clarke et al., 1997; Eggleston et al., 1996; 
Lowary and Richards, 1988; Quintas et al., 2007; Richards, 1988, 1986), but rather display a 
sigmoidal shape where sucrose loss is observed after a lag time. Therefore, the rate constant for 
sucrose thermal decomposition can be determined from the slope of the line at which sucrose 
displays a maximum rate of loss on a plot of sucrose loss over time, where sucrose loss is plotted 
as the ratio of remaining sucrose (C), compared to the initial amount of sucrose in the sample 
(C0), as illustrated in Figure 5.2 and previously by Quintas et al. (2007) for the determination of 
kinetic parameters for the thermal decomposition of aqueous sucrose.  An approximate value for 
the lag time will be estimated by determining at what time the line used to calculate the rate 









which is a fundamental kinetic relationship. The t1/2 and k values determined from HPLC 
experiments will be compared to the values predicted by nonisothermal experiments and to 
evaluate the nonisothermally determined kinetic parameters. 
5.3.3 Quasi-isothermal MDSC 
 The third and final method by which sucrose kinetic behavior will be monitored using 
isothermal experiments is QI-MDSC. MDSC is a variation on standard DSC experiments, in 
which a sinusoidal (modulated) heating rate is applied simultaneously with the linear heating rate 
or isothermal treatment that would be used in a standard DSC experiment. In the case of QI-
MDSC, a sinusoidal heating rate is applied simultaneously with an isothermal experiment. While 
the average heating rate for the experiment is zero and the experiment is considered isothermal, 
the presence of the sinusoidal heating rate allows for the measurement of changes in heat 
capacity, which is not possible in a standard isothermal DSC experiment (Thomas, 2006). One 
signal obtained from a QI-MDSC experiment is reversing heat capacity (RevCp), which monitors 
the loss of crystalline structure. Since the loss of crystalline structure in sucrose at low 
temperatures is due to thermal decomposition (Lee et al., 2011a, 2011b; Lu et al., 2017a), the 
RevCp signal can be used to monitor the progress of sucrose thermal decomposition during an 
isothermal experiment. The t1/2 for thermal decomposition can be measured from a QI-MDSC 
experiment by determining the midpoint of the increase in heat capacity on the RevCp curve, as 
illustrated in Figure 5.3.  
5.4 Materials and Methods 
5.4.1 Materials 
 Three types of “as is” crystalline sucrose samples were used: analytical grade cane 




commercial cane (Safeway Inc., Boise, ID, USA, lot F0358DS2571), and US commercial beet 
(Kroger Co., Cincinnati, OH, USA, lot E9251). Sources will be referred to as follows, analytical 
grade cane as Sigma cane, US commercial cane as US cane, and US commercial beet as US beet. 
HPLC water (Macron Fine Chemicals, Central Valley, PA, USA, batch 0000122048) was used 
as a solvent for HPLC experiments. Sigma cane was stored in its original packaging and sealed 
with parafilm after opening and between uses, and US cane and US beet samples were stored in 
their original packaging, which was wrapped with plastic wrap between uses. 
5.4.2 Thermal Analysis 
 All DSC experiments were carried out using approximately 10 mg of each type of 
sucrose placed in a Tzero pan (TA Instruments, New Castle, DE, USA), which was sealed with a 
Tzero aluminum hermetic lid (TA Instruments). All samples were then analyzed using a Q2000 
DSC (TA Instruments) equipped with an autosampler (TA Instruments) and refrigerated cooling 
unit (RCS 90). DSC experimental parameters for each isothermal evaluation method are outlined 
in the following sections. 
5.4.2.1 Isothermal Aging 
Cane samples were equilibrated at 130°C and then held at that temperature for the 
predicted t1/2 of 7.7 minutes (Table 3.13). Although the t1/2 for US beet was predicted to be 11082 
minutes at 130°C, it was also held for 7.7 minutes for the purpose of comparison. A sample of 
US beet was also held at 160°C for the predicted t1/2, of 82 minutes at that temperature (Table 
3.13). Samples were then equilibrated at 25°C and scanned at 10°C/min to 210°C to collect peak 
ΔH values. The ΔH values for aged samples were compared to the ΔH values for the peaks from 




5.4.2.2 HPLC Sample Preparation 
Two sample pans were placed in the DSC as was done by Lu et al. (2017b) to prepare 
samples for HPLC. Samples were equilibrated at 130°C and held for 25, 500, 1000, 2000, and 
3000 minutes for all sources. Additionally, US beet had samples held for 3500 and 4500 minutes 
due to the increased time required for US beet to fully react. Two samples from each source were 
analyzed at each heating time using HPLC as outlined in Section 5.4.3. Prior to dissolving the 
samples for HPLC, the appearance of the sample inside the DSC pan was recorded using a Nikon 
D5200 dSLR Camera. After these samples were analyzed using HPLC, an additional sample was 
prepared at a time equal to the initially determined t1/2, based on the ratio of sucrose remaining, 
for each sucrose source to have three data points from which to calculate k. The additional 
samples were heated at 130°C for 657 minutes for Sigma cane, 1417 minutes for US cane, and 
2737 minutes for US beet. 
5.4.2.3 Quasi-isothermal MDSC 
 Samples were equilibrated at 130°C, then a modulated heating rate having an amplitude 
of ±1°C and a period of 100s was applied. Sigma cane was held at 130°C for 1000 minutes, US 
cane for 3000 minutes, and US beet for 4500 minutes. DSC curves were analyzed using the step 
transition analysis method as illustrated in Figure 5.3, in TA Universal Analysis (TA 
Instruments) to determine the lag time (onset) and t1/2 (midpoint) for each sucrose source.  
5.4.3 HPLC 
 Samples were prepared by removing the lid from the DSC pan in which the sucrose 
samples were prepared and dissolving the sucrose by placing the DSC pans in HPLC water 
(Macron Fine Chemicals, Central Valley, PA, USA, batch 0000122048), using 1 mL of HPLC 




was injected into an HPLC with a BioRad HPX-87C column (Bio-Rad, Hercules, CA, USA, 300 
x 7.8mm column) at 85°C with a de-ashing guard maintained at room temperature. The mobile 
phase was deionized water with a flow rate of 0.5 mL/min. Compounds were detected with an 
RID detector at 40°C with a 1.5 second response. HMF was analyzed using a UV detector at 280 
nm, in an HPLC equipped with a Waters Symmetry C18 column (Waters Corporation, Milford, 
MA, USA,  150 x 3.0 mm column with 5 micron particles) at 45°C using a water and acetonitrile 
gradient with a flow rate of 0.5 mL/min. Samples were analyzed in duplicate. 
5.5 Results and Discussion 
5.5.1 Isothermal Verification of Nonisothermally Determined Kinetic Parameters 
5.5.1.1 Comparison of Kinetic Behavior 
The extent of thermal decomposition in sucrose, as measured by the percent sucrose 
reacted, determined from isothermal aging experiments are included in Table 5.1. A comparison 
of the small peak enthalpy values (ΔHaged/ΔHunaged) indicates that 82.5% of the Sigma cane 
sample and 31.0% of US cane sample had undergone thermal decomposition, compared to the 
50% that was expected, since they were heated for their predicted t1/2. Since both samples were 
heated for their predicted t1/2, it was expected that 50% of each sample would have undergone 
thermal decomposition. Based on these results, the calculated t1/2 from nonisothermal 
experiments was too long for Sigma cane, as more than 50% appears to have reacted, and too 
short for US cane sucrose, as less than 50% appears to have reacted. 
 When comparing the large peak enthalpy values, Sigma and US cane appeared to 
undergo minimal thermal decomposition, with 1.9 and 1.8% of the reaction occurring, 
respectively, compared to the 50% that was expected, since they were heated for their predicted 




(Chapter 3), a larger decrease in peak enthalpy would be expected if half of the sucrose in the 
sample had reacted, as thermal decomposition contributes to the loss of crystalline structure of 
sucrose (Lee et al., 2011d) and any sucrose that had thermally decomposed would be unable to 
participate in melting. For US beet sucrose, the ratio of large peak enthalpies indicates that 6.8% 
of the sample reacted when held at 130°C for 7.7 minutes and 8.1% of the sample reacted when 
held at 160°C for 83 minutes. Since the t1/2 for US beet at 160°C is 83 minutes, it was expected 
that 50% of the sample would have reacted during that heating time. Additionally, at 130°C, 7.7 
minutes is 0.07% of the predicted t1/2 of 11,082 minutes for US beet, so no detectable change in 
the peak enthalpy was expected compared to an “as is” sample. The similarity in the percent 
reacted values after heating at 130°C and 160°C was unexpected, regardless, the predicted t1/2 for 
US beet at 160°C is shorter than the actual t1/2 for US beet at 160°C.  
 A possible cause of the differences in the behavior of Sigma and US cane may be due to 
the difficulty in determining the end of the small peak. As can be observed in Figure 5.4 parts a 
(Sigma cane) and c (US cane small peak), the small peak becomes less distinct after isothermal 
treatment, making it difficult to determine where the small peak ends and the large peak begins, 
limiting the accuracy of the small peak enthalpy measurement. Additionally, the large peak 
enthalpy value is the sum of contributions from thermal decomposition and loss of crystalline 
structure due to melting (Chapter 3). Therefore, changes in the large peak enthalpy will not be 
proportional to the amount of thermal decomposition that has occurred during isothermal aging. 
Since thermal decomposition cannot be accurately monitored through changes in the small or 
large peak enthalpy values for an aged sample compared to an unaged sample, HPLC and QI-




conditions to assess the kinetic parameters determined using nonisothermal methods in Chapter 
3. 
The k values determined using HPLC and QI-MDSC are summarized in Table 5.2, which 
also includes the values predicted from nonisothermal experiments (DSC) and the t1/2 from each 
method. The predicted k for Sigma and US cane from nonisothermal experiments is larger than 
the k determined using HPLC or QI-MDSC, which are similar to each other. The predicted k for 
US beet sucrose from nonisothermal experiments is smaller than the k determined using HPLC 
or QI-MDSC, although the values determined from HPLC and QI-MDSC differ. The difference 
in the US beet k values from HPLC and MDSC may be due to the kinetic calculations for HPLC 
not accounting for the lag time, as k and t1/2 are solely based on the slope of the loss of sucrose 
plot during the maximum rate. Regardless of the difference between the isothermal methods 
observed in US beet sucrose, the discrepancies between the k values determined from 
nonisothermal experiments compared to the values determined from isothermal experiments 
indicate that the nonisothermally determined kinetic parameters do not accurately predict the 
kinetic behavior of sucrose under isothermal conditions. Two possible explanations for these 
discrepancies will be explored, as it was expected that the kinetic parameters from nonisothermal 
experiments would accurately describe the isothermal kinetic behavior of the thermal 
decomposition of sucrose. Since cane and beet sucrose display different directionalities in the 
differences in their predicted and experimentally determined k values, the first discrepancy is the 
possible inaccuracy of beet sucrose kinetic parameters reported in Table 3.11 and the second is 
the temperature(s) at which the kinetic behavior is examined in nonisothermal versus isothermal 




5.5.1.2 Reasons for Discrepancies 
The first discrepancy between the nonisothermal and isothermal kinetic behavior is the 
larger k for US beet when examined isothermally (using HPLC and QI-MDSC) than the 
predicted k from nonisothermal methods, while cane sources have lower k values than predicted. 
A possible explanation for this discrepancy is that the nonisothermally determined kinetic 
parameters for US beet reported in Table 3.11, where the Ea is 234.2 ± 12.3 kJ/mol and A is 
9.90E+26 ± 6.99E+26, are inaccurate. The basis for this suggestion is outlined in Section 3.5.3. 
The lowest heating rate used to calculate the kinetic parameters reported in Chapter 3 was 
0.5°C/min. This heating rate was chosen because the small peak in Sigma and US cane is not 
visible in DSC curves collected at heating rates below 0.5°C/min due to the lower sensitivity of 
DSC experiments conducted at low heating rates. However, since US beet lacks the small peak, 
it is possible to examine its kinetic behavior at lower heating rates. When Ea was calculated using 
heating rates ranging between 0.1 and 2°C/min, the Ea for US beet sucrose was larger than, but 
not statistically different from, the Ea of Sigma and US cane. When k is calculated using the Ea 
value for the lower range of heating rates, it increases from 7.34E-05 ±  3.24E-05 min-1 to 1.96E-
04 ± 0.20E-04 min-1 at 130°C. This value is still smaller than the values reported for cane 
sources and smaller than the values determined using HPLC and QI-MDSC experiments, but it is 
in closer agreement to the k values determined for US beet at 130°C. The reason for the change 
in the kinetic parameters when using a range of heating rates from 0.1 to 2°C/min compared to 
0.5 to 2°C/min is due to the change in slope in the Arrhenius plot. Comparing the kinetic 
parameters across these heating rate ranges suggests that 2°C/min may be a fast enough heating 
rate to begin to “outrun” thermal decomposition and have loss of crystalline structure due to 




the thermal behavior at 2°C/min is no longer linear in relation to lower heating rates, increasing 
the slope of the resulting Arrhenius plot when included in the low heating rate range. Adding a 
lower heating rate to the plot increases the number of data points in which the Arrhenius plot 
displays linear behavior, reducing the impact of the nonlinear deviation at 2°C/min on the slope 
of the line and bringing the slope of the plot closer to describing the actual kinetic behavior of 
thermal decomposition at low heating rates. 2°C/min was used as the endpoint for the low 
heating rate range because there is not a significant difference in the R2 values when using 
2°C/min as the highest heating rate in the low heating rate range compared to using 1.5°C/min as 
the last heating rate in the range. The impact of examining the kinetic parameters at a lower 
range of heating rates will be further explored in Chapter 8. 
 A second possible cause of the discrepancies between the predicted kinetic parameters 
from nonisothermal experiments and the experimentally determined isothermal kinetic behavior 
is the difference in temperature used for isothermal experiments compared to the temperature 
ranges at which nonisothermal experiments were performed. The isothermal experiments 
examined the samples’ behavior at 130°C, while the nonisothermal experiments examined the 
samples’ behavior between 25 and 240°C at heating rates between 0.5 and 50°C/min, with the 
onset of thermal decomposition in nonisothermal experiments increasing with increasing heating 
rate. The lowest observed onset temperature of thermal decomposition under nonisothermal 
conditions was approximately 127°C for cane sources and 175°C for US beet, both at 0.5°C/min. 
Had lower heating rates been used the lowest Tmonset would have decreased, as Tmonset is heating 
rate dependent for kinetic transitions. Ideally the isothermal temperature would be chosen in the 
middle of the temperature range studied nonisothermally to prevent possible distortion due to 




thermal decomposition was examined at 130°C, which is at the edge of the examined 
temperature range for cane sucrose thermal decomposition, and outside of the range for beet 
sucrose, which would lead to distortion of the kinetic parameters. Differences in the kinetic 
behavior predicted using nonisothermal experiments versus the behavior determined from 
isothermal experiments in the literature have been attributed to differences in the temperature 
ranges at which the reactions were studied under the different heating conditions (Galwey, 1994; 
Maciejewski, 2000; Vyazovkin and Wight, 1997). Ideally, similar temperature ranges would be 
examined in both nonisothermal and isothermal experiments. However, isothermal experiments 
cannot be carried out at temperatures where a reaction proceeds quickly, as the reaction begins 
before the system can equilibrate at the temperature of interest, preventing accurate 
determination of the kinetic parameters. In contrast, nonisothermal experiments can study a 
reaction at temperatures where a reaction proceeds quickly, as constantly increasing the 
temperature of the system avoids the effect of the equilibration time at any given temperature 
(Maciejewski, 2000). Additionally, phase changes can overlap with reactions at higher 
temperatures, possibly altering the resulting kinetic parameters (Galwey, 1994). 
 Previous authors have demonstrated that sucrose thermal decomposition occurs 
concomitantly with melting (Lee et al., 2011a, 2011b, Lu et al., 2017a, 2017b). Based on 
evidence from these studies and the differences between the kinetic behavior predicted by the 
nonisothermally determined kinetic parameters and the results of isothermal experiments, we 
propose that the temperature(s) at which the different heating methods examine the kinetics lead 
to differences in the mechanism by which thermal decomposition proceeds through the sucrose 




in and proceeds through the sucrose crystal lattice under nonisothermal and isothermal 
conditions is illustrated in Figure 5.5, which will be discussed in Section 5.5.1.3. 
5.5.1.3 Physical Mechanism of Thermal Decomposition 
 Under nonisothermal conditions, sucrose is heated at a linear rate and the temperature at 
which the small peak begins is considered the onset of thermal decomposition for cane sources, 
as previous authors have demonstrated that the small peak is associated with the loss of sucrose 
and the formation of thermal decomposition products (Lee et al., 2011a; Lu et al., 2017b). For 
US beet, the temperature at which the large peak begins is considered the onset of thermal 
decomposition when treating the large peak as a kinetic event. Although direct chemical 
evidence of thermal decomposition has not been observed at the onset of the large peak in beet 
sucrose (Lu et al., 2017b), the shape of the US beet Arrhenius plot in Chapter 3 (Figure 3.4) 
suggests that beet sucrose undergoes thermal decomposition when studied at low heating rates, 
although the reaction is inhibited compared to cane sucrose due to the presence of sulfite in beet, 
but not cane, sucrose. Due to this inhibition, the proposed mechanism herein focuses on cane 
sucrose, although during the large peak and under isothermal conditions the physical mechanism 
should be similar for both sucrose sources.  
 As illustrated in Figure 5.5, thermal decomposition under nonisothermal conditions 
begins with the hydrolysis of the sucrose trapped within mother liquor occlusions in the crystal 
lattice formed during crystallization (Lu et al., 2017c). During the small peak, the reaction 
expands into the surrounding crystalline lattice, either through dissolution and the subsequent 
hydrolysis of sucrose molecules adjacent to the mother liquor occlusions or through direct 
thermal decomposition of sucrose molecules at the interface of the mother liquor occlusions and 




increase in the amount of glucose during the small peak reported by Lee et al. (2011a) and Lu et 
al. (2017b) for cane sourced sucrose. Additionally, micro-CT videos collected by Lu et al. 
(2017c) also support this hypothesis, as the formation of cavities and an increase in porosity were 
detected in Sigma and US cane sucrose crystals heated to 165°C at 10°C/min, a temperature 
within the small peak at that heating rate, indicating the growth of occlusions during heating. 
While thermal decomposition is not observed until 200°C, which is after the end of the large 
peak, in US beet sucrose by HPLC, when heated at 10°C/min in DSC (Lu et al., 2017b), the 
micro-CT scans did detect an increase in beet sucrose porosity when heated to 165°C, suggesting 
that thermal decomposition may begin prior to the large peak, although at levels below the 
detection limit of DSC or HPLC.  
 Returning to the proposed reaction mechanism under nonisothermal conditions, as the 
temperature increases (corresponding to the large peak in DSC curves), beet and cane sucrose are 
expected to display similar behavior. During the large peak, sucrose is melting and 
concomitantly undergoing thermal decomposition (Lee et al., 2011b; Lu et al., 2017a). The 
overlap of melting with thermal decomposition removes the crystalline lattice as a barrier to the 
spread of the reaction. The lack of physical barrier preventing the spread of the reaction 
combined with the increased molecular mobility associated with the phase change allows the 
reaction rate to increase. As the temperature continues to increase, all crystalline structure is lost 
(corresponding to the end of the large peak). At this stage, the sucrose is a thermally decomposed 
amorphous melt. There is still sucrose present, but the rate of thermal decomposition greatly 
increases, as evidenced by the greater loss of sucrose after the large peak measured by previous 
researchers (Lee et al., 2011a; Lu et al., 2017b). If the temperature continues to increase, thermal 




sucrose is consumed. Since the sample’s temperature is continuously increased throughout the 
experiment, thermal decomposition overlaps with loss of crystalline structure due to melting in 
nonisothermal experiments, indicating that the kinetic parameters obtained from nonisothermal 
experiments could describe the combined effects of the rate of thermal decomposition and the 
rate of loss of crystalline structure due to melting. This overlap likely contributes to the change 
in the slope observed in the large peak Arrhenius plots for all of the studied sucrose samples. The 
Arrhenius plots from Chapter 3 (Figure 3.4) suggest that these events can be separated based on 
the heating rate range that is studied, however, the presence of loss of crystalline structure due to 
melting could alter the kinetic parameters obtained to describe the rate of thermal decomposition. 
 While the reaction mechanism for nonisothermal experiments was described in terms of 
temperature, for isothermal experiments, where the temperature is constant, the proposed 
mechanism of thermal decomposition will be discussed in terms of time. Once the sucrose 
crystals equilibrate at the temperature of interest, 130°C in the case of this study, there is a lag 
time before the reaction begins, as is apparent in Figures 5.3 and 5.4. The presence of the lag 
time can be explained using results of kinetic studies of the thermal decomposition of aqueous 
sucrose or by solid-state kinetic theory. In sucrose solutions, the lag time has been noted by 
multiple researchers (Clarke et al., 1997; Eggleston et al., 1996; Lowary and Richards, 1988; 
Quintas et al., 2007; Richards, 1986) and is attributed to the reaction being autocatalytic, which 
means that some products of the reaction can increase the reaction rate. In solid-state kinetic 
theory, sigmoidal curves, such as those of sucrose, from isothermal experiments generally 
indicate that the reaction can be described by a nucleation and growth type reaction model, 
where the lag time would be associated with the time required for nucleation and the maximum 




done to generate chemical mechanisms for solid-state reactions, autocatalytic behavior may be 
the chemical mechanism driving the lag time observed in QI-MDSC curves. Returning to the 
proposed mechanism, after some time has passed, thermal decomposition begins with the 
hydrolysis of sucrose in the mother liquor occlusions, as illustrated in Figure 5.5. Once the 
reaction has begun in the mother liquor occlusions, it can expand into the surrounding crystalline 
lattice, either through the dissolution and subsequent thermal decomposition of sucrose 
molecules adjacent to the mother liquor occlusions or through direct thermal decomposition of 
sucrose molecules at the interface of the mother liquor occlusions and the crystal lattice. Thermal 
decomposition is detected in QI-MDSC curves when loss of crystalline structure begins due to 
expansion of the reaction zone. Eventually, the reaction zones originating at the mother liquor 
occlusions expand to the point that complete loss of crystalline structure occurs. As indicated by 
a comparison of HPLC and QI-MDSC data (Figure 5.6) complete loss of crystalline structure 
occurs before all of the sucrose has reacted, which is most obvious in the US cane data (Figure 
5.6b). For US cane, approximately 20% of the initial sucrose remains after 2000 minutes at 
130°C, which corresponds to the time at which complete loss of crystalline structure was 
detected using MDSC. 
 The main difference between how sucrose thermal decomposition proceeds under 
nonisothermal versus isothermal conditions is the influence of melting. When nonisothermal 
experiments are used to study sucrose thermal decomposition, increased temperatures allow 
melting to contribute to the loss of crystalline structure, increasing the perceived rate of thermal 
decomposition by altering the extent of the reaction at which Tmonset is measured at different 
heating rates. The shorter predicted k values for cane sucrose from nonisothermal studies than 




measured rate of thermal decomposition. In isothermal studies, the rate of loss of crystalline 
structure is governed by the rate of the thermal decomposition reaction zone moving through the 
crystal lattice, as evidenced by the similar k values determined using HPLC and MDSC for cane 
sucrose sources. To accurately predict the kinetic behavior of sucrose thermal decomposition, it 
is important to consider the temperature range of interest, as temperature can affect the reaction 
rate and behavior. To predict the behavior of sucrose at higher temperatures, nonisothermal 
methods may be more accurate, while at lower temperatures isothermal methods may be more 
accurate. A comparison of the Ea and A from nonisothermal and isothermal kinetic methods will 
be made in Chapter 6, in which the Ea and A for sucrose thermal decomposition will be 
determined using isothermal methods. 
5.5.1.4 Estimated Enthalpy of Hydrolysis 
 To determine whether thermal decomposition could begin prior to the Tmonset in sucrose, a 
rough estimate for the enthalpy of hydrolysis for the sucrose in the mother liquor occlusions was 
determined using the following steps: 1) estimate the number of moles of sucrose in the mother 
liquor occlusions, 2) scale this amount to represent the amount dissolved at the reaction 
temperature, 3) calculate the enthalpy of hydrolysis for this amount of sucrose, 4) normalize this 
by mass to compare to the ΔH obtained from DSC, and 5) for beet sucrose compare the amount 
of sulfite to the amount of reducing sugars produced to determine whether inhibition of the 
reaction is feasible. The process and rationale behind each step will be discussed in the following 
paragraph. Calculated values for steps 1 through 4 are included in Table 5.3 for each sucrose 
source. 
 For step 1, the amount of sucrose was determined based on the porosity of the crystals 




porosities of crystals heated to 165°C at 10°C/min to determine the volume of the mother liquor 
occlusions. Using the resulting value overestimates the volume of the mother liquor occlusions, 
as at 165°C, thermal decomposition has already begun and some expansion of the mother liquor 
occlusions has occurred. To determine the amount of sucrose contained within the mother liquor 
occlusions, the volume of the pores was multiplied by the apparent molar volume of sucrose 
(209.5 mL/mol as reported by Reiser et al. (1995) for sucrose at 20°C) to determine the amount 
of sucrose (in moles) contained within the mother liquor occlusions. Step 2 was undertaken 
because sucrose solubility increases with increasing temperature. To approximate the amount of 
sucrose present at temperatures where thermal decomposition could occur, the amount of sucrose 
present at 25°C was multiplied by 1.3 to approximate the increase in solubility with increasing 
temperature. This factor of 1.3 was determined by comparing the solubility of sucrose at 130°C 
(88.915%w/w) to the solubility at 25°C (67.47%w/w) (Bubnik and Kadlec, 1995). 
 In step 3, a theoretical enthalpy of hydrolysis was needed to calculate the enthalpy of 
hydrolysis for this amount of sucrose. The value used for the enthalpy of hydrolysis was -14.65 
kJ/mol, which is the average of the values reported by Goldberg et al. (1989) and Tombari et al. 
(2007). The estimated enthalpy for the sucrose within the mother liquor occlusions ranged from 
10-25 to 10-27 kJ, with specific values reported in Table 5.3. To compare these values to the 
detection limits of DSC, they were normalized based on the mass of the mother liquor 
occlusions, which was calculated by converting the amount of sucrose at 130°C from moles to 
grams, and then determining the mass of the water present using the solubility of sucrose at 
130°C (88.915%w/w), giving a mass of the mother liquor occlusions of approximately 10-21g. 
For step 4, the enthalpy was divided by this amount results in the normalized enthalpy, which 




around 0.1mJ (Weis et al., 1992), although this can vary based on the studied material. 
Therefore, it may be possible to detect the onset of hydrolysis in cane samples, where the 
enthalpy of hydrolysis in the mother liquor occlusions is greater than 0.1mJ, although this 
method overestimates the enthalpy of hydrolysis. However, it is unlikely that hydrolysis would 
be detectable in US beet sucrose, which has the lowest predicted enthalpy of -0.009mJ/g. For 
step 5, the amount of sulfite in beet sucrose (11 ppm, which is equivalent to 10-4 moles (Table 
3.6)) was compared to the amount of glucose and fructose that would form if all of the sucrose in 
the mother liquor occlusions was hydrolyzed (10-25 moles). Since the amount of glucose and 
fructose formed would be less than the amount of sulfite present in US beet sucrose, the sulfite 
could inhibit thermal decomposition in the mother liquor occlusions. Therefore, it is likely that 
the inhibition of thermal decomposition by sulfite in beet sucrose could occur after hydrolysis, 
with sulfite reacting with glucose and fructose to form bisulfite adducts (Clarke and Godshall, 
1988; McGinnis, 1982; McWeeny, 1974; Shi, 2014). Additionally, the low enthalpy values for 
cane sucrose suggest the onset of the small peak may occur after hydrolysis begins in the mother 
liquor occlusions and that the small peak is a response to the loss of crystalline structure caused 
by the spread of thermal decomposition to the surrounding crystal lattice. A more precise 
estimate of the enthalpy of hydrolysis is needed to verify these results. 
5.5.2 Comparison of cane and beet sucrose behavior 
 The comparison of the mechanism of thermal decomposition based on the heating 
conditions (nonisothermal versus isothermal) illustrates the importance of the temperature range 
when predicting kinetic behavior. However, the mechanism discussion did not directly compare 
the differences in the thermal behavior of cane and beet sucrose under isothermal conditions. The 




decomposition as measured by HPLC to examine the chemical mechanism of thermal 
decomposition, and the differences in the lag time and t1/2 (calculated from the rate constant) 
between each source, as measured using both HPLC and QI-MDSC. The t1/2, rather than k, will 
be discussed in this section to more easily compare the time scales over which thermal 
decomposition occurs in each sucrose source. 
Plots of the loss of sucrose and the formation of glucose, fructose, kestose, and 5-
hydroxymethylfurfural (HMF) for Sigma cane, US cane, and US beet sucrose are presented in 
Figure 5.6, which also includes the RevCp signal from QI-MDSC. Plotting the chemical data 
alongside the QI-MDSC data allows for chemical progress of the reaction (HPLC data) to be 
compared to the loss of crystalline structure (RevCp signal). The RevCp signal in Figure 5.6a 
ends prior to the chemical data because QI-MDSC experiments were ended after complete loss 
of crystalline structure was achieved to reduce experimental time.  
Returning to the chemical data, though thermal decomposition begins at different times in 
each sucrose source, all sources display a similar chemical mechanism. Glucose and kestose 
form early in the reaction. These are followed by the formation of fructose in lower amounts. 
The formation of glucose prior to fructose has been previously described during the heating of 
solid samples (Lee et al., 2011a; Lu et al., 2017b) and is expected based on the sucrose thermal 
decomposition reaction scheme Figure 3.3. In the first step of thermal decomposition sucrose 
breaks down to form a glucose anion, which converts to glucose, and a fructocarbocation that 
can undergo several reactions, including the formation of fructose (Clarke et al., 1997; Richards, 
1986). Since fructose is one of several possible products formed from the fructocarbocation, it is 
expected to be detected later in thermal decomposition. The final product to form in all sources 




after which the amount of these products begins to decrease. The same trend is observed in US 
cane sucrose after 2000 minutes, at which point kestose formation slows. In Sigma cane, the 
maximum amounts of kestose and HMF are detected after 2000 minutes. In US beet, the 
maximum amounts of products are detected after 3500 minutes, at which point the amounts of all 
products levels off. 
  The images of the solid sucrose samples at each studied time point are also included in 
Figure 5.6 to highlight differences in thermal decomposition when comparing each sucrose 
source. Sigma cane begins to lose its crystalline structure between 25 and 500 minutes and 
darkens considerably after 2000 minutes. After 3000 minutes Sigma begins to look charred and 
gummy, rather than glassy, as it appears after 2000 minutes. Neither US cane nor US beet 
undergo the same visual changes as Sigma cane. US cane begins to visibly darken after 1000 
minutes, then loses its crystalline structure and progresses from an amber glass after 2000 
minutes to a dark brown glass after 3000 minutes. US beet also visibly darkens after 1000 
minutes, but after 2000 minutes it is an orange/brown color while still retaining some of its 
crystalline structure. After 3000 minutes US beet lost all of its crystalline structure but did not 
darken to the same extent as either of the cane sources. Interestingly, US beet sucrose darkens 
more than either cane source prior to complete loss of crystalline structure. This darkening 
suggests that the later stages of thermal decomposition associated with color formation may be 
occurring, as early steps of decomposition are associated with the formation of light yellow 
colors (Tomasik, 2003), while later stages of decomposition cause polymerization of HMF and 
furfural, leading to the formation of darker colors (Kroh, 1994; Sengar and Kumar Sharma, 
2014; Tomasik, 2003; Tomasik et al., 1989). The earlier darkening of US beet suggests that some 




sucrose undergoes more color formation after 3000 minutes, and US beet displays less 
decomposition based on the HPLC results. 
 The lag times and k for each sucrose source can be compared to examine the timescale 
over which thermal decomposition occurred. Lag times from both HPLC and QI-MDSC are 
reported in Table 5.4 and t1/2 in Table 5.2. Due to the limited number of samples collected, the 
lag times determined using HPLC are meant to characterize, rather than quantify, the differences 
in onset times, while the more precise times determined using QI-MDSC will be discussed when 
comparing sucrose sources. From both sets of data, Sigma cane has the shortest lag time, and US 
beet has the longest lag time, a trend which is also observed for the t1/2. Although nonisothermal 
kinetic parameters predicted that Sigma and US cane would display similar behavior under 
isothermal conditions, the differences in their lag times and t1/2 values indicate that this is not the 
case. The differences in these values may be due to purity differences between the different 
sucrose sources. Lu et al. (2017c) demonstrated that the chemistry and composition of the mother 
liquor occlusions impacted the resulting thermal behavior of sucrose. In this case, Sigma cane, 
which has the highest purity (Table 3.6), begins reacting in the shortest amount of time. US cane 
requires more time than Sigma cane to begin reacting due to its lower purity based on 
conductivity ash values. US beet requires more time than either cane source to react, although its 
conductivity ash value falls between those of Sigma and US cane. In the case of US beet, the 
presence of sulfite in the mother liquor occlusions (Table 3.6), rather than a lower overall purity, 
inhibits thermal decomposition. The effect of sulfite on the thermal behavior of sucrose has been 





 The k values for sucrose thermal decomposition at 130°C predicted using nonisothermal 
kinetic methods did not match the k values obtained from isothermal experiments. The predicted 
k for Sigma and US cane overestimated the observed k values under isothermal conditions. 
Additionally, it was predicted that Sigma and US cane would have similar k values under 
isothermal conditions, which was not the case. The predicted k for US beet underestimated the k 
value determined at 130°C, although this discrepancy may be due to the heating rate range 
studied in Chapter 3. The difference in temperatures at which the nonisothermal and isothermal 
experiments were carried out is the most likely cause for the discrepancies in the k values. It was 
proposed herein that the higher temperatures at which nonisothermal experiments determine the 
kinetic parameters can cause melting to overlap with thermal decomposition, increasing the rate 
of thermal decomposition. Isothermal experiments were carried out at temperatures well below 
the literature reported melting point (185-187°C) to prevent the overlap of melting, which 
lowered the reaction rate. The temperature at which a process, such as pasteurization or baking, 
is carried out will determine which kinetic method should be used to predict the kinetic behavior 
of sucrose thermal decomposition. If a process occurs at higher temperatures closer to the 
melting point of sucrose, a nonisothermal kinetic method will likely be more accurate. If a 
process occurs at lower temperatures, an isothermal kinetic method will be more accurate. 
 In addition to the discrepancies between the nonisothermal and isothermal methods, 
differences between cane and beet sucrose were also examined. Although Sigma and US cane 
were predicted to have the same t1/2, Sigma had a significantly shorter t1/2 than US cane sucrose. 
The t1/2 for US beet was longer than for either cane source. The differences between the sucrose 




Sigma, which has the highest purity, has the shortest t1/2. While US cane has a higher 
conductivity ash content than US beet, it has a shorter t1/2. In this case, the presence of sulfite in 
US beet sucrose is likely the cause of its longer t1/2, as it has previously been demonstrated that 










Table 5.1: Comparison of small and large peak enthalpies for Sigma analytical cane, US cane, and US beet sucrose heated at 130°C 
for 7.7 minutes and US beet sucrose heated at 160°C for 83 minutes. The examination of multiple temperatures and times for US beet 
sucrose was due to its long half-life at 130°C. ΔH values are reported as the average and standard deviation and percent-reacted values 
are reported as the value and its standard error determined from propagation of error calculations. 
 Small Peak Enthalpy (J/g) Large Peak Enthalpy (J/g) 
Sucrose Source As Is Aged % Reacted* As Is Aged % Reacted 
Sigma analytical 
cane 130°C 
7.98 ± 0.71 1.39 ± 0.46 82.5 ± 28.2 127.1 ± 1.2 124.8 ± 0.2 1.9 ± 0.1 
US cane 130°C 1.63 ± 0.32 1.12 ± 0.16 31.0 ± 7.5 134.6 ± 2.0 132.2 ± 0.7 1.8 ± 0.1 
US beet 130°C NA** NA NA 144.4 ± 12.5 134.6 ± 0.3 6.8 ± 0.6 
US beet 160°C NA NA NA 144.4 ± 12.5 132.7 ± 0.4 8.1 ± 0.7 
*%Reacted = (100*(1 – Aged/Unaged)) (Equation 5.1) 




Table 5.2: Summary of k and t1/2 values at 130°C predicted by nonisothermal experiments (DSC) 
in Tables 3.12 and 3.13 for US cane and US beet, while the Sigma cane values were calculated 
from the kinetic parameters obtained in Chapter 4, and the values determined under isothermal 
conditions using HPLC and QI-MDSC experiments. Standard DSC and QI-MDSC results are 
reported as averages and standard deviations obtained from three experimentally calculated 
values, while HPLC results are reported as the value and its standard error determined based on 
propagation of error calculations. 
 k (min-1) t1/2 (min) 
Sucrose 
Source 



























1296 ± 122 2702 ± 33 
 
Table 5.3: Values obtained for each step of the calculation estimating the enthalpy of hydrolysis 
outlined in Section 5.5.1.4. 
Calculated Values Sigma cane US cane US beet 
Pore volume (mL) 1.91E-21 1.48E-21 2.00E-23 
Amount of sucrose at 25°C (mol) 9.10E-24 7.05E-24 9.53E-26 
Amount of sucrose at 130°C (mol) 1.21E-23 9.35E-24 1.26E-25 
Enthalpy of sucrose hydrolysis (J) -4.39E-24 -5.48E-24 -7.40E-26 
Normalized enthalpy of sucrose 
hydrolysis (J/g) 
-5.04E-04 -6.28E-04 -8.49E-06 
Normalized enthalpy of sucrose 
hydrolysis (mJ/g) 
-0.503 -0.628 -0.009 
 
Table 5.4: Lag times for each sucrose source obtained from HPLC and QI-MDSC experiments. 
 Lag time (min) 
Sucrose Source HPLC QI-MDSC 
Sigma cane 290 ± 20 300 ± 5 
US cane 750 ± 50 780 ± 10 








Figure 5.1: Change in sucrose, fructose, glucose, and HMF concentrations over time during a 
quasi-isothermal MDSC experiment performed at 120°C. Based on the change in the amount of 
sucrose present in the sample, the t1/2 for sucrose in this experiment is approximately 2000 





Figure 5.2: Illustration of the method for determining k from HPLC experiments, where k is the 
slope of the curve during the time where the maximum rate of sucrose loss is observed and the 
lag time is the time at which sucrose loss begins. The k value will be used to calculate the t1/2 and 





Figure 5.3: Illustration of how the lag time and t1/2 were determined from the RevCp curve from 





Figure 5.4: DSC curves of sucrose held isothermally at 130°C for 7.7 minutes (aged) then 
scanned at 10°C/min overlaid with a DSC curve of unaged sucrose scanned at 10°C/min. Curve a 






















Figure 5.5: Proposed physical mechanisms for crystalline sucrose thermal decomposition and loss of crystalline structure under 
nonisothermal and isothermal conditions below the literature reported melting temperature. T = temperature and t = time. Under 
nonisothermal conditions, thermal decomposition begins in mother liquor occlusions at the onset of the small peak (Tmonset). As 
temperature increases, the sucrose molecules adjacent to mother liquor occlusions react, either by directly undergoing thermal 
decomposition or via dissolution followed by thermal decomposition (during small peak). When the temperature reaches the onset of 
the large peak, loss of crystalline structure due to melting begins, increasing molecular mobility throughout the sucrose crystal, 
increasing the amount of sucrose that can undergo thermal decomposition. When the temperature is raised above the end of the large 
peak, the material becomes a thermally decomposed sucrose melt and thermal decomposition continues. Under isothermal conditions, 
thermal decomposition begins in mother liquor occlusions and then spreads throughout the crystal structure via thermal decomposition 
of adjacent sucrose molecules. The reaction zone continues to expand until complete loss of crystalline structure occurs, although 
complete loss of crystalline structure is detected prior to all sucrose reacting. The coincidence of loss of crystalline structure due to 
melting when studied nonisothermally (due to higher temperatures inherent in nonisothermal experiments) increases the reaction rate 





Figure 5.6: Change in concentration of sucrose, glucose, fructose, 1-kestose, and HMF overlaid 
with the revCp signal from QI-MDSC overlaid for a) Sigma, b) US cane, and c) US beet sucrose 
heated isothermally at 130°C for 3000 minutes. These plots are overlaid to compare the chemical 
progress of thermal decomposition (HPLC data) with the progress of loss of crystalline structure 
(QI-MDSC). QI-MDSC experiments were ended after complete loss of crystalline structure was 
achieved, so the experimental end time varies between sucrose sources. Images of “as is” and 
heated sucrose samples from each HPLC sample are provided to compare morphology and color 















Figure 5.7: Quasi-isothermal MDSC curves for Sigma cane, US cane, and US beet sucrose 
collected at 130°C. The S-shape of the curve tracks the loss of crystalline structure of sucrose, 
with a flat initial baseline prior to the onset of loss of crystalline structure due to thermal 
decomposition, a sloped portion during loss of crystalline structure due to thermal 
decomposition, and a new baseline after loss of crystalline structure due to thermal 
decomposition is complete. The t1/2 was determined using the glass transition analysis option in 
TA Universal Analysis and k was calculated from the t1/2. It can be seen that Sigma has the 
shortest t1/2 and the steepest slope during loss of crystalline structure, indicating that it has the 
fastest rate of loss of crystalline structure, which also reflects the fastest rate of thermal 
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Chapter 6:  Comparison of the isothermal kinetic behavior of crystalline cane and beet 
sucrose thermal decomposition 
6.1 Abstract 
 While the kinetic parameters for the thermal decomposition of cane and beet sucrose can 
be obtained using nonisothermal kinetic methods, the overlap of melting with thermal 
decomposition at high temperatures complicates the kinetic analysis. To compare the thermal 
behavior of these sucrose sources, an isothermal kinetic method was used to avoid the overlap of 
thermal decomposition. Commercial cane sucrose displayed a higher activation energy (Ea) than 
analytical cane or commercial beet, which was unexpected as the presence of sulfite in beet 
sucrose appears to inhibit thermal decomposition. All sucrose sources exhibited a decrease in the 
Ea as the reaction proceeded, suggesting autocatalytic behavior, similar to that observed in 
sucrose solutions. The difference in the Ea at the onset of the reaction (2% α) suggests that 
thermal decomposition is inhibited in US cane, although this is inconsistent with other findings. 
While isothermal experiments avoid the overlap of true melting with thermal decomposition, 
more work is needed to understand the differences in the results from other kinetic methods.  
6.2 Introduction 
 Sucrose, commonly referred to as sugar, is an important agricultural commodity that is 
used in many food products. Commercially, sucrose is produced from two plant sources, 
sugarcane (Saccharum officinarum) and sugarbeet (Beta vulgaris). Sucrose from both plant 
sources is required to meet the same purity standards (Codex Standard for Sugars, 2001), and as 
a result, refined sucrose from both plant sources is greater than 99.8% pure (Lu, 2016). Although 
sucrose from both plant sources has a high purity, there have been reports of differences in the 




Magne et al., 1998; Monte and Maga, 1982; Moore et al., 2004), performance in certain products 
(Reitz, 2016; Urbanus et al., 2014), and thermal behavior (Lu et al., 2017a, 2017b) of cane and 
beet sucrose. 
 In regards to the thermal behavior of sucrose, Lu et al. (2017a) demonstrated that 
commercial cane and beet sucrose display differences in their differential scanning calorimetry 
(DSC) thermal profiles, with cane sucrose displaying a small endothermic peak prior to the main 
endothermic melting peak (referred to as the large peak) that was not present in beet sucrose. The 
small peak in cane sucrose has also been noted by a number of other investigators (Beckett et al., 
2006; Bhandari and Hartel, 2002; Hurtta et al., 2004; Kinugawa et al., 2015; Lee et al., 2011a, 
2011b; Magon et al., 2014; Saavedra-Leos et al., 2012). To quantify the thermal differences 
between cane and beet sucrose sources, the kinetic parameters for the onset of sucrose thermal 
decomposition were determined in Chapter 3 using nonisothermal kinetic methods. US beet 
sucrose, a representative commercial beet sample, was determined to have a larger activation 
energy (Ea) than analytical grade or commercial cane sucrose, suggesting that thermal 
decomposition is inhibited in beet sucrose. The inhibition in beet sucrose was ascribed to the 
presence of sulfite, as discussed by Lu et al. (2017c). 
 To confirm the accuracy of the nonisothermally determined kinetic parameters from 
Chapter 3 (Table 3.11), isothermal techniques were used in Chapter 5 for verification, as 
verification serves to confirm the accuracy of the kinetic calculation (ASTM E698-11, 2005; 
Vyazovkin et al., 2011). During the verification process, it was found that the nonisothermally 
determined kinetic parameters did not accurately predict the behavior of sucrose thermal 
decomposition at 130°C. These differences were thought to be due to differences in the physical 




melting can overlap with thermal decomposition under nonisothermal conditions, possibly 
increasing the rate of thermal decomposition by accelerating loss of crystalline structure, which 
would increase molecular mobility. One shortcoming of Chapter 5 is that the behavior was 
verified at a single temperature (130°C). As such, this does not account for the temperature 
dependence of the kinetic parameters, which requires the use of several temperatures. 
 Due to the differences observed between the kinetic behavior predicted from 
nonisothermal experiments and the behavior observed under isothermal conditions, the objective 
of the present study is to determine the Ea for the thermal decomposition of Sigma cane, US 
cane, and US beet sucrose under isothermal conditions. Based on the results of Chapter 5, it is 
expected that Sigma cane sucrose will have the smallest Ea and US beet the largest Ea.   
6.3 Theory 
6.3.1 Sucrose thermal decomposition 
 The thermal decomposition of sucrose begins with hydrolysis of the glycosidic linkage 
(Clarke et al., 1997a; Hirschmuller, 1953; Mauch, 1971; Quintas et al., 2007b; Richards and 
Shafizadeh, 1978; Richards, 1986; Šimkovic et al., 2003), which is a pseudo-first order reaction 
(Arena et al., 2001; Eggleston, 1996; Kelly and Brown, 1978; Mauch, 1971; Richards and 
Shafizadeh, 1978; Schoebel et al., 1969; Vukov, 1965). Hydrolysis yields a glucose anion and 
fructocarbocation (Clarke et al., 1997a; Richards, 1986). This is followed by the reaction of the 
glucose anion with a hydrogen ion to form glucose. The fructocarbocation then participates in 
one of several reactions to form anhydrofructose through the loss of a hydrogen ion, 5-
hydroxymethylfurfural (HMF) via non-specific degradation, fructose through the addition of a 
hydroxide ion, or trisaccharides and oligosaccharides through reaction with sucrose (Richards 




sucrose or isomerization, but both are minor reactions (Šimkovic et al., 2003). Further steps of 
thermal decomposition lead to color formation, likely through polymerization of HMF or its 
derivatives, and the formation of volatile products (Kroh, 1994). 
 Based on the presence of the lag phase in HPLC data and the shape of quasi-isothermal 
MDSC curves presented in Chapter 5, sucrose thermal decomposition is autocatalytic, as it has a 
lag phase followed by an increase in the reaction rate to a maximum level. After the increase, the 
reaction rate slows as sucrose is consumed, causing the amount of sucrose (HPLC) and RevCp 
signal (MDSC) to level off. Autocatalytic behavior has also been noted by other researchers 
studying aqueous sucrose thermal decomposition (Clarke et al., 1997a; Eggleston et al., 1996; 
Lowary and Richards, 1988; Quintas et al., 2007a; Richards, 1986). Autocatalysis of the reaction 
appears to be caused by the formation of weak acids during the initial steps of thermal 
decomposition, which decreases the pH of the system, accelerating the reaction (Kroh, 1994; 
Lowary and Richards, 1988; Poncini, 1980). Quintas et al. (2007a) also suggested that changes in 
molecular mobility could cause autocatalysis in concentrated systems where there may be “a 
deficit in the available water molecules for the reaction to occur,” as water can act as a solvent or 
reactant in sucrose solutions. The same authors suggested that autocatalysis in the thermal 
decomposition of solid sucrose could be due to increased molecular mobility due to the overlap 
of melting, although the phase change due to thermal decomposition should have the same effect. 
6.3.2 Isothermal Isoconversional Methods 
 Isoconversional kinetic methods determine the Ea of a reaction as a function of the extent 
of the reaction (α). These methods were originally developed to analyze nonisothermal TGA data 
by Flynn and Wall (1966a) and Ozawa (1965) and have since been expanded to analyzed DSC 




1966b; Ozawa, 1965) is that they required the assumption of a reaction model to determine the 
kinetic parameters and inaccuracies in the chosen reaction model can lead to inaccuracies in the 
kinetic parameters used to describe the reaction (Vyazovkin et al., 2011). The use of model free 
methods (ASTM E698-11, 2005; Vyazovkin, 1997) allow for the determination of the Ea of the 
reaction without the determination of a reaction model, although the determination of A requires 
the use of a false isokinetic relationship or the determination of a model (Vyazovkin, 1997), 
which can be difficult. While the model described in ASTM E-698 is useful for determining the 
kinetic parameters at the onset of the reaction, it does not verify that the Tmonset occurs at the 
same extent of the reaction at all heating rates. Additionally, the method does not allow for the 
use of isothermal data. Therefore, the isoconversional method described by Vyazovkin and 
Wight (1999) will be used herein to model the kinetics of sucrose thermal decomposition 
throughout the reaction. 
 The isoconversional model is based on Equation 6.1: 
𝑑𝛼
𝑑𝑡
= 𝑘(𝑇)𝑓(𝛼) (6.1) 
where g(α) is the integrated conversion function, t is time, T is temperature, α is the extent of the 
reaction, and f(α) is the reaction model. The basic assumption of the isoconversional method is 
that the reaction model does not depend on temperature (isothermal conditions) or heating rate 
(nonisothermal conditions) (Vyazovkin and Wight, 1999). To use Equation 6.1 under isothermal 
conditions, it can be rearranged and integrated to yield Equation 6.2: 
𝑔(𝛼) = 𝑘(𝑇)𝑡 (6.2) 
where k(T) is the rate constant as a function of temperature. To determine the kinetic parameters, 








where A is the pre-exponential factor and R is the gas constant, is used. The isoconversional 
method combines Equations 6.2 and 6.3 to yield Equation 6.4: 







where all values are a function of α. The Ea is then determined from the slope of plots of ln(tα) 
versus 1/T over a range of α values, allowing for the examination of the behavior of Ea 
throughout the reaction. 
6.4 Materials and Methods 
6.4.1 Materials 
 Three types of “as is” crystalline sucrose samples were used: analytical grade cane 
(S0389, Sigma-Aldrich Corp., St. Louis, MO, USA, lot SLBR5401V), which will be referred to 
as Sigma cane, United Sugar (US) commercial cane (Safeway Inc., Boise, ID, USA, lot 
F0358DS2571), which will be referred to as US cane, and US commercial beet (Kroger Co., 
Cincinnati, OH, USA, lot E9251), which will be referred to as US beet. Sigma cane was stored in 
its original packaging and sealed with parafilm after opening and between uses, and US cane and 
US beet samples were stored in their original packaging and were wrapped in plastic wrap 
between uses. 
6.4.2 DSC 
 Approximately 10 mg of each type of sucrose was placed in a Tzero pan (TA 
Instruments, New Castle, DE, USA), which was sealed with a Tzero aluminum hermetic lid (TA 
Instruments). All samples were analyzed using a Q2000 DSC (TA Instruments). Sigma and US 




a modulated heating rate having an amplitude of ±1°C and period of 100s. US beet samples were 
equilibrated at 130, 140, 150, 155, or 160°C with the same modulated settings as the cane 
samples. The heating times used at each temperature are summarized in Table 6.1. Cane samples 
were not analyzed at 155 or 160°C because thermal decomposition began before the samples 
were able to equilibrate at these temperatures. The higher temperatures were used for US beet 
sucrose due to the long experimental times required for loss of crystalline structure to occur in 
beet. All samples were held at the given temperature until complete loss of crystalline structure 
was achieved. The running integral of the total heat flow signal was calculated as an area percent 
using the Universal Analysis software to obtain data needed for the kinetic calculations. 
6.4.3 Kinetic Analysis 
6.4.3.1 Isoconversional Method 
 The isoconversional method described by Vyazovkin and Wight (1999) was used to 
determine the kinetic parameters using data from the QI-MDSC total heat flow signal, which is 
equivalent to the standard DSC total heat flow signal, under isothermal conditions. QI-MDSC 
was used so that the RevCp signal could be obtained for analysis in Chapter 7. The running 
integral of the total heat flow signal was obtained using the running integral analysis option in 
Universal Analysis. An example of the running integral is depicted in Figure 6.1. The area 
percent from the running integral is equivalent to the extent of the reaction (α) that has occurred 
at any given time point. To determine the Ea throughout the reaction, the time required for α to 
increase at intervals of 2% (2%, 4%, 6%, etc.) was extracted using the Data Analyzer program 
(Averill, 2018), as described in Section 6.4.4.2. Once the α-time values were extracted from the 
running integral curve, the data was sorted by α for analysis. Arrhenius plots for each α were 




was performed by the regression feature in the Data Analyzer program. The slope of each plot 
was used to calculate the activation energy using Equation 6.4: 
𝐸𝑎 = 𝑚𝑅 (6.4) 
where R is the gas constant (8.314 J mol-1 K-1). A was not determined for these experiments, as it 
is dependent on the reaction model, which can be difficult to accurately determine. The Ea values 
were then plotted as a function of α to examine the change in Ea throughout the reaction.  
6.4.3.2 Data Analyzer Program 
 The Data Analyzer program was developed using QT and a MySQL database to import 
data that was collected during sucrose thermal decomposition and process that data to extract the 
rows that corresponded with 2% increases in the extent of the reaction in order to use the 
isothermal isoconversional kinetic method (Averill, 2018). The user selected the temperature, 
sample, and replicant number corresponding to the imported data file. The program would then 
step through that data file looking for every row that was greater than or equal to a target row. 
For example, it would begin by looking for a row that had a reaction area greater than or equal to 
2.00, rounding off the data to the hundredths place. This rounding was necessary to limit the data 
selected to that in the first row that displayed a value greater than the target value. Once a row 
was selected, the natural log of the reaction time and the inverse of the reaction temperature were 
calculated and the entire row of data and the calculated values were stored in the MySQL 
database. When data had been entered into the database the program could calculate the standard 
deviation and/or the average of the values at a given temperature and extent of the reaction based 
on the user’s selection in the GUI. The program stored the standard deviation and average values 
in the database so they could be exported. The user could then select sample identity, reaction 




columns: sample name, replicant ID, temperature, reaction time, reaction area, ln(t), 1/T, average 
time, standard deviation of time, and ln(average time). Finally, a linear regression was set up 
using python with Scipy and Numpy libraries that could read in the exported CSV files and 
perform a linear regression on ln(average time) as a function of 1/T. To ensure the accuracy of 
the linear regression, the code used for this operation was directly obtained from Scipy 
documentation (2014). Full documentation for the DataAnalyzer program can be found in 
Appendix D. 
6.5 Results and Discussion 
6.5.1 Isoconversional Method Results  
 The Ea values obtained from the isothermal experiments are depicted in Figure 6.3 and 
reported in Appendix E. In Figure 6.3, the Ea values are plotted as a function of α, allowing for 
possible changes in the mechanism of the reaction to be detected as the reaction proceeds 
(Vyazovkin, 2000, 1994; Vyazovkin and Wight, 1999). If the Ea is constant throughout the 
reaction, with no obvious shoulders or peaks, it is likely that the reaction occurs in a single step. 
However, if there are peaks or shoulders in the Ea, it is likely that the mechanism is changing 
throughout the reaction (Vyazovkin et al., 2011).  
 When examining Sigma cane sucrose, the Ea at 2% α is 161 ± 5 kJ/mol. As α increases, 
the Ea decreases slightly, but not significantly, between 2 and 10% α, after which it levels off 
before increasing to 162 ± 4 kJ/mol at 28% α, again not a significant increase. As α continues to 
increase above this point, the Ea decreases to a minimum value of 142 ± 3 kJ/mol at 98% α. US 
cane sucrose displays similar behavior to Sigma cane, although it’s initial Ea was much higher, 
with a value of 214 ± 13 kJ/mol at 2% α. The Ea for US cane drops to 180 ± 8 kJ/mol at 10% α 




a minimum Ea of 138 ± 1 kJ/mol at 98% α. The higher initial Ea was unexpected, as Sigma and 
US cane displayed similar kinetic parameters when studied nonisothermally (Chapter 3, Chapter 
8), although the k value for US cane was an order of magnitude lower than that of Sigma cane at 
130°C (Chapter 5), indicating a slower reaction rate. An additional reason the high Ea displayed 
by US cane was unexpected is that the Ea values for Sigma cane determined herein were more 
similar to US beet. US beet sucrose initially has an Ea of 167 ± 2 kJ/mol at 2% α. The Ea 
decreases to 155 ± 5 kJ/mol at 48% α, after which it increases to 158 ± 5 kJ/mol at 60% α, 
although this is not a significant increase. The Ea is relatively constant between 60 and 98% α, 
with a final Ea of 158 ± 6 kJ/mol at 98% α. First the possible mechanisms based on the Ea 
behavior will be discussed, then explanations for the differences in Ea values between the sucrose 
sources will be examined. 
 Although US cane displays a higher Ea at 2% α, which is close to the onset of the 
reaction, at 50% α, all sucrose sources display similar Ea values, with a value of 158 ± 4 kJ/mol 
for Sigma cane, 149 ± 3 kJ/mol for US cane, and 155 ± 5 kJ/mol for US beet sucrose. The 
similarity of these values at 50% α suggests that all sucrose sources are undergoing similar 
reaction mechanisms once half of the reaction has occurred. The differences at the onset of the 
reaction will be discussed after comparing reaction mechanisms for the three sucrose sources 
based on the dependence of Ea on α. 
 The mechanism of sucrose thermal decomposition was examined based on the change in 
Ea as a function of α. The decrease in Ea in Sigma cane and US cane as α increases, and in US 
beet between 2 and 50% α could be due to autocatalysis, which would cause the Ea to decrease as 
the reaction proceeds. Autocatalysis was not unexpected in crystalline sucrose, as the thermal 




al., 1996; Lowary and Richards, 1988; Quintas et al., 2007a; Richards, 1986). In solutions, 
autocatalysis is generally attributed to the formation of weak acids during the initial steps of 
thermal decomposition, which decreases the pH of the system, accelerating the reaction (Kroh, 
1994; Lowary and Richards, 1988; Poncini, 1980). Additionally, it has been suggested that the 
lag phase in concentrated solutions could be due to decreased molecular mobility (Galwey, 1994; 
Quintas et al., 2007a). It was also suggested that in solids, thermal decomposition products could 
depress the melting point of sucrose, increasing molecular mobility (Quintas et al., 2007a). 
However, when held at temperatures below the literature reported melting point of sucrose (185 
to 187°C (Reiser et al., 1995)), thermal decomposition can be the sole cause of loss of crystalline 
structure (Chapter 5). Therefore, in sucrose the increase in molecular mobility, and subsequent 
increase in reaction rate, could be due to the loss of crystalline structure caused by thermal 
decomposition, rather than the depression of the melting point. 
 To consider the reaction in terms of the physical, rather than chemical, behavior, sucrose 
thermal decomposition appears to follow nucleation and growth kinetics. X-ray Micro Computed 
Tomography (micro-CT) videos collected by Lu et al. (2018) suggest thermal decomposition 
begins in the mother liquor occlusions within the sucrose crystal lattice and expands into the 
crystal lattice as the reaction proceeds, indicating a nucleation and growth mechanism. In the 
micro-CT videos, an “as is” sample can be seen with a low porosity. After heating at 10°C/min 
to 165°C, the porosity of the sample increases, and gaps can be seen in the crystal structure, 
suggesting the reaction expands from a nucleation point into the surrounding crystal structure. 
Under isothermal conditions, a lag time occurs prior to the reaction, as illustrated in Figure 6.2, 
although this is more clearly displayed in the RevCp signal (Chapter 5, Chapter 7). While both 




separate the contributions of the chemical and physical changes using only thermal analysis data. 
Further examination of the contribution of these factors may be necessary to better understand 
the mechanism of the thermal decomposition of solid sucrose. 
 Although autocatalysis or the presence of a nucleation and growth reaction explain the 
decrease in Ea (increased reaction rate), these explanations do not account for the increase in the 
Ea of beet sucrose when α is greater than 50%. This increase may be due to the overlap of true 
melting with thermal decomposition in beet sucrose at 160°C, as defects that form in the crystal 
structure due to thermal decomposition can lower the melting point of the material, as will be 
discussed in Chapter 7. 
 The discussed mechanisms also do not explain the higher Ea value for US cane compared 
to Sigma cane or US beet determined herein. Based on the k and t1/2 values obtained in Chapter 
5, it was expected that Sigma cane would have the lowest Ea and US beet the highest, with US 
cane having a value in between. The reason for the Ea values not following the expected trends is 
likely due to the lag time observed at isothermal conditions. Since the Ea is determined from the 
relationship between time and temperature, it does not account for the lag time that occurs under 
isothermal conditions, and influences the k and t1/2 values obtained at a single temperature. Other 
researchers account for this using a reduced time, which reports time without the lag time, for 
isothermal experiments (Vyazovkin and Wight, 1997) or by reporting the lag time with the other 
kinetic parameters (Quintas et al., 2007a). The use of the reduced time may remove some of the 
differences between the k and t1/2 values determined using HPLC and QI-MDSC in Chapter 5 by 
eliminating the effect of the lag time. The presence of the lag time explains the similarity 
between the Ea of Sigma cane and US beet observed herein, but it does not account for the higher 




 Possible reasons for the higher Ea for US cane sucrose could include purity, deviation in 
normal behavior at low α, or deviation in behavior at low temperatures. Recently, it has been 
demonstrated that the composition and chemistry of sucrose crystals can influence their thermal 
behavior (Lu et al., 2017c), with higher purity crystals displaying a larger small peak, indicating 
increased thermal decomposition, and lower purity crystals displaying a smaller small peak, 
indicating less thermal decomposition. Of particular interest is the ability of sulfite as levels as 
low as 0.5% to completely inhibit the appearance of the small peak. The presence of sulfite in 
beet, but not cane sucrose, is thought to inhibit thermal decomposition in beet sucrose, as it does 
not display a small peak in nonisothermal DSC curves (Chapter 3, Lu et al., 2017a) and takes 
longer to react under isothermal conditions (Chapter 5, Lu et al., 2017a). This was consistent 
with the results of Chapter 3, where US beet sucrose had a higher Ea than cane sucrose, and 
Chapter 5, where US beet sucrose required more time to react than cane sucrose. However, 
herein US cane sucrose has a higher Ea than beet sucrose, although US cane does not contain 
sulfite (Lu et al., 2017c, Table 3.6), suggesting other impurities may cause the difference in Ea 
observed herein. The increased Ea could be caused by the presence of other impurities, as US 
cane sucrose has the highest conductivity ash content (Table 3.6). Although purity may partially 
explain the difference in Ea, it is not consistent with US beet displaying similar behavior to 
Sigma cane or the lower Ea for US beet studied at lower heating rates (0.1 to 2°C/min), where the 
Ea for US beet was not significantly different from the Ea of the cane sucrose sources. 
 Since purity does not appear to completely explain the difference in Ea between US cane 
and the other sucrose sources, deviations in the kinetic behavior at low α or temperature will be 
discussed. It is not uncommon for there to be deviations in kinetic behavior at low and high α 




that can follow the initial process (Galwey and Brown, 1995). However, these generally occur at 
very low and high α values, and generally do not present a consistent trend, as is displayed by 
US cane herein. The use of low and high temperatures can cause similar deviations as the low 
and high α values, causing different processes to occur. In Figure 6.2, the total heat flow curves 
for US cane and US beet at 130°C do not give as clear of a peak as at higher temperatures, which 
could lead to incorrect analysis of the data, resulting in deviations in the Ea values. It may be 
beneficial to remove 130°C from the data and replace it with a higher temperature, where a peak 
is clearly present in the DSC curves. 
 The difference between US cane and the other sucrose sources is most evident in Figure 
6.3d, where Ea is plotted as a function of α for all sucrose sources. Not only does US cane have 
the highest initial Ea (at 2% α), it also has the lowest final Ea (at 98% α) and the largest decrease 
in Ea during the reaction. These deviations in its behavior suggest that further examinations of 
sucrose are necessary to fully characterize its isothermal kinetic behavior. 
6.5.2 Comparison to Nonisothermal Kinetics 
 Before comparing the Ea values obtained herein to those obtained in Chapter 3, the 
methods used to determine the kinetic parameters will be discussed. The isothermal 
isoconversional method (Vyazovkin and Wight, 1999) determines the Ea as a function of α 
throughout the reaction, while the nonisothermal method used in Chapter 3 (ASTM E698-11, 
2005) determines the Ea at the onset of the reaction, assuming that Tmonset occurs at the same 
extent of the reaction regardless of heating rate. Since both methods determine the Ea as a 
function of α, both are isoconversional methods. However, the isoconversional method described 
by Vyazovkin and Wight (1999) allows for the determination of Ea throughout the reaction, 




Monitoring the change in Ea throughout the reaction allows for changes in the mechanism to be 
identified and the reaction to be more accurately described. While the isoconversional method 
can be used to examine nonisothermal experiments, the presence of the large peak, which is 
associated with melting, prevents its use in the case of sucrose, as the extent of the reaction 
cannot be accurately determined by integrating the peak. Since the Ea cannot be determined 
throughout the reaction under nonisothermal conditions, the Ea from 2% α from the isothermal 
experiments herein will be compared to the Ea from Chapter 3, as the Ea was determined at the 
onset of the reaction, which will correspond to a low α value, although the exact α at which 
Tmonset in nonisothermal experiments occurs is unknown. 
 The Ea values from the isothermal and nonisothermal methods are reported in Table 6.2. 
For Sigma cane and US beet, the Ea from the isothermal method at 2% α is less than that from 
the nonisothermal method. However, the Ea for US cane from the isothermal method is greater 
than that from the nonisothermal method. The Ea for US cane sucrose determined isothermally 
around 12 to 14% α is similar to the value from nonisothermal experiments, however, this does 
not occur at low α which would be consistent with the onset of thermal decomposition. One 
possible cause of these differences could be the presence of the phase change, which could either 
be due to thermal decomposition or true melting that occurs during sucrose thermal 
decomposition, although this would not explain the different directionality of the Ea values of 
Sigma cane and US beet versus US cane compared to nonisothermal experiments.  
 The overlap of a phase change can cause issues in kinetic analysis, especially when 
nonisothermal methods are used (“ASTM E698-11,” 2005; Brown and Glass, 2003; Galwey, 
1994). In the case of sucrose, there are two possible causes of the phase change, the first is loss 




the second is loss of crystalline structure due to true melting (Schmidt et al., 2012). Under 
nonisothermal conditions, sucrose loss of crystalline structure begins due to thermal 
decomposition (the small endothermic peak), which then overlaps with loss of crystalline 
structure due to true melting (mainly the large endothermic peak). Under isothermal conditions 
below the melting point of sucrose (185 to 187°C (Reiser et al., 1995)) it is possible for all loss 
of crystalline structure to be caused by thermal decomposition (Chapter 5).  
 The cause of the phase change is important when considering the kinetics of a reaction, as 
the two events have different effects on the kinetic parameters. In the case of a phase change due 
to thermal decomposition, the increased molecular mobility can increase the rate of the reaction 
(Galwey, 1994; Quintas et al., 2007a), resulting in a decreased in the Ea as the reaction proceeds, 
as observed herein. In comparison, the occurrence of true melting would increase the molecular 
mobility of the reaction system, however, the thermodynamic nature of true melting would lead 
to an increase in the Ea during the melting event (Galwey et al., 2001), as can be seen in Chapter 
3 (Figure 3.4), and a subsequent decrease in Ea once true melting finished. If thermal 
decomposition and true melting events could be separated using nonisothermal thermal analysis 
techniques, it may be possible to see the decrease in Ea of thermal decomposition during true 
melting, however, it is not possible to separate a complex reaction into its individual steps 
(Vyazovkin et al., 2011). The isothermal isoconversional techniques used herein simplify the 
process by examining sucrose thermal decomposition at temperatures below the melting point of 
sucrose to avoid the influence of true melting on the thermal decomposition kinetics. To gain a 
better understanding of the influence of true melting on the nonisothermal kinetics of sucrose 
thermal decomposition, it may be better to model the kinetic behavior using Bawn kinetics, 




(Bawn, 1955; Brown and Glass, 2003), although it is not as extensively used in the literature as 
other methods. 
 While there were differences between the isothermal and nonisothermal Ea values, the 
differences were not as large as was expected based on the results of Chapter 5. Based on the 
overestimation of k and underestimation of t1/2 values at 130°C, it was expected that, under 
isothermal conditions, Sigma cane would have the lowest Ea and US beet the highest, with US 
cane somewhere in between. In comparison, under nonisothermal conditions Sigma and US cane 
exhibited similar Ea values and US beet a higher Ea value. However, this difference in Ea was not 
detected herein, although US cane had a higher Ea than Sigma cane or US beet under isothermal 
conditions. The magnitude of the differences may be due to the presence of the lag time in 
isothermal experiments, as discussed in Section 6.4.1. 
6.6 Conclusions 
  The Ea values were determined for sucrose under isothermal conditions and reported 
herein as a function of α. All sucrose sources display autocatalytic behavior, likely due to the 
phase change that occurs due to loss of crystalline structure during thermal decomposition. Of 
interest in the present study was the similarity between the Ea values for Sigma cane and US beet 
at the onset of thermal decomposition, while the Ea of US cane was significantly higher. Based 
on nonisothermal experiments (Chapter 3) and isothermal experiments (Chapter 5) US cane was 
expected to be more similar to Sigma cane, and US beet was expected to have the highest Ea, as 
it had the largest Ea in Chapter 3 (nonisothermal) and lowest k in Chapter 5 (isothermal at 
130°C). The values herein at low α also differed from those for the onset of thermal 




presence of the phase change with thermal decomposition, and should be explored in depth using 






Table 6.1: Heating times for each sucrose source at each temperature examined herein. 
 Heating time (min) 
Temperature (°C) Sigma cane US cane US beet 
130 1000 2800 4500 
135 650 1650 NM 
140 400 1000 1500 
145 250 650 NM 
150 180 400 600 
155 NM NM 450 
160 NM NM 300 
 
Table 6.2: Comparison of the Ea determined herein at 2% α to the Ea determined in Chapter 3 
Table 3.11 at the onset of thermal decomposition. The Ea values from the two methods are 
significantly different for all sucrose sources, with US cane and US beet sucrose displaying very 
different behavior from what was observed under nonisothermal conditions. Isothermal values 
are reported with their standard errors, while nonisothermal values are reported with their 
standard deviations. 
 Ea (kJ/mol) 
Sucrose Source Isothermal (at 2% α) Nonisothermal 
Sigma cane 160.8 ± 4.9 175.5 ± 5.6 
US cane 214.0 ± 13.4 175.9 ± 0.8 







Figure 6.1: Example of isothermal data from the total heat flow signal and the integration that 
was performed to obtain extents of reaction and time data to calculate the Ea as a function of the 





Figure 6.2: Total heat flow signal for a) Sigma cane, b) US cane, and c) US beet sucrose under 
isothermal conditions. At 130°C, the transition for US cane and US beet sucrose is relatively 
weak in the total heat flow curve. For US beet sucrose at 130°C, the peak present between 2000 
and 3000 minutes was analyzed. A lag time can be seen at all temperatures before the reaction 
begins, although it is more clearly visible in the RevCp curves displayed in Chapter 5 and 
Chapter 7. The x-axis for each plot covers a different amount of time, as US cane and US beet 











Figure 6.3: Plots of the Ea of thermal decomposition as a function of the extent of the reaction for 
a) Sigma cane, b) US cane, c) US beet sucrose, and d) a combined plot. Sigma and US cane both 
show decreasing Ea as the extent of the reaction increases, while US beet initially displays a 
decrease in Ea as the extent of the reaction increases to 50%, after which it increases before 
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Chapter 7:  Can the reversing heat capacity signal from quasi-isothermal modulated 
differential scanning calorimetry be used to model the kinetics of thermal decomposition?  
7.1 Abstract 
 While DSC is a well-established method for modeling the kinetics of thermal 
decomposition, modulated DSC (MDSC) has not been explored for this purpose. The MDSC 
RevCp signal, which monitors changes in heat capacity, may be able to model the thermal 
decomposition kinetics for materials, such as sucrose, which undergo a phase change during the 
reaction. To determine if the RevCp signal collected during quasi-isothermal MDSC experiments 
could be used model kinetic behavior, the kinetic parameters for the thermal decomposition of 
cane and beet sucrose using two models proposed herein and compared to those obtained from 
the total heat flow signal using an isoconversional kinetic model. Based on a comparison of the 
activation energies, the half-life obtained from the RevCp signal can be used to describe the 
thermal decomposition kinetics, in addition to being used to explore the events that contribute to 
the phase change. 
7.2 Introduction 
 Kinetic studies of thermally induced reactions in the solid state are often performed using 
nonisothermal kinetic methods developed to extract kinetic parameters from thermal analysis 
experiments (Ager et al., 1986; Augis and Bennett, 1978; Brown, 2001; Fava, 1968; Jankovic, 
2010; Prout and Tompkins, 1944; Tsubaki et al., 2013; Varhegyi et al., 1989). These techniques 
can be used to study the kinetic behavior of many types of reactions (Duswalt, 1974). 
Additionally, nonisothermal methods require less experimental time than isothermal experiments 
(Brown and Phillpots, 1978) and allow for the examination of the sample over a range of 




presence of multiple thermal events (Ozawa, 1976). These advantages have led nonisothermal 
techniques to become the recommended methods for examining the kinetics of thermally induced 
reactions in solids (“ASTM E698-11,” 2005; Vyazovkin et al., 2014, 2011). 
 Although nonisothermal techniques are recommended for kinetic computations, there are 
some reaction systems that these techniques may not be able to accurately describe. Most 
prominent of these are reactions that overlap with or cause a phase change, where the phase 
change could either be due to the presence of melting or the reaction (“ASTM E698-11,” 2005; 
Galwey, 1994). A phase change can increase the rate of thermal decomposition by increasing 
molecular mobility (Galwey, 1995, 1994), leading to difficulties in accurately determining the 
kinetic parameters. Additionally, the presence of a phase change can lead to inconsistencies 
between kinetic parameters determined nonisothermally versus isothermally, as observed in 
Chapter 5 for sucrose. 
 In the case of sucrose, thermal decomposition is known to occur prior to and 
concomitantly with loss of crystalline structure under nonisothermal conditions (Lee et al., 
2011a, 2011b; Lu et al., 2017) and to drive loss of crystalline structure under isothermal 
conditions (Chapter 5, Lu et al., 2017). Initial attempts to quantify the kinetic parameters for the 
onset of thermal decomposition of sucrose used a nonisothermal method (Chapter 3, Lee et al., 
2011c). However, when attempting to verify these kinetic parameters using isothermal methods 
(Chapter 5), the predicted behavior under isothermal conditions was not consistent with the 
observed behavior. It was proposed that the difference was caused by the overlap of true melting 
with thermal decomposition when studied nonisothermally.  
 One way to avoid a phase change caused by melting is to perform isothermal experiments 




measurement, as performed in Chapter 6. However, established isothermal kinetic methods for 
thermal analysis require significantly more time to process the data after it has been collected 
(Vyazovkin and Wight, 1999) and the isothermal experiments require more time than 
nonisothermal experiments. Additionally, the use of the total heat flow signal to determine 
kinetic information is difficult at low temperatures where the reaction proceeds slowly, as 
illustrated in Chapter 6. Established methods also do not take into account the effect of loss of 
crystalline structure due to thermal decomposition as the reaction proceeds (Chervina and 
Bodman, 1997; Galwey, 1994; Waters and Paddy, 1988; Widmann, 1975), leading to differences 
in the shape of the DSC curves for the reaction. Nucleation and growth reactions normally 
display sigmoidal isothermal DSC heat flow curves. However, sucrose, which likely undergoes a 
nucleation and growth reaction (Chapter 5, Chapter 6), displays a peak in its isothermal DSC 
heat flow curve. One instrumental method that could examine reactions in which loss of 
crystalline structure is driven by the chemical reaction is the quasi-isothermal mode in modulated 
DSC (MDSC). The present study will determine the activation energy (Ea) and pre-exponential 
factor (A) for sucrose thermal decomposition using quasi-isothermal MDSC. It is expected that 
these values will match the values obtained using the total heat flow signal (Chapter 6). 
7.3 Theory 
7.3.1 Sucrose thermal decomposition 
 The thermal decomposition of sucrose begins with hydrolysis of the glycosidic linkage 
(Clarke et al., 1997; Hirschmuller, 1953; Mauch, 1971; Quintas et al., 2007b; Richards and 
Shafizadeh, 1978; Richards, 1986; Šimkovic et al., 2003), which is a pseudo-first order reaction 
(Arena et al., 2001; Eggleston, 1996; Kelly and Brown, 1978; Mauch, 1971; Richards and 




fructocarbocation (Clarke et al., 1997; Richards, 1986). This is followed by the reaction of the 
glucose anion with a hydrogen ion to form glucose. The fructocarbocation then participates in 
one of several reactions to form anhydrofructose through the loss of a hydrogen ion, 5-
hydroxymethylfurfural (HMF) via non-specific degradation, fructose through the addition of a 
hydroxide ion, or trisaccharides and oligosaccharides through reaction with sucrose (Richards 
and Shafizadeh, 1978; Richards, 1986). Sucrose can also undergo dehydration to form anhydrous 
sucrose or isomerization, but both are minor reactions (Šimkovic et al., 2003). Further steps of 
thermal decomposition lead to color formation, likely through polymerization of HMF or its 
derivatives, and the formation of volatile products (Kroh, 1994). 
 Based on the presence of the lag phase in HPLC data and the shape of quasi-isothermal 
MDSC curves presented in Chapter 5, crystalline sucrose displays autocatalytic behavior when 
undergoing thermal decomposition, as it has a lag phase followed by an increase in the reaction 
rate to a maximum level. After the increase, the reaction rate slows as sucrose is consumed, 
causing the amount of sucrose measured using HPLC and RevCp signal measured using MDSC 
to level off. Autocatalytic behavior has also been noted by other researchers studying aqueous 
sucrose thermal decomposition (Clarke et al., 1997; Eggleston et al., 1996; Lowary and Richards, 
1988; Quintas et al., 2007a; Richards, 1986). Autocatalysis of the reaction appears to be caused 
by the formation of weak acids during the initial steps of thermal decomposition, which 
decreases the pH of the system, accelerating the reaction (Kroh, 1994; Lowary and Richards, 
1988; Poncini, 1980). Quintas et al. (2007a) also suggested that changes in molecular mobility 
could cause autocatalysis in concentrated systems where there may be “a deficit in the available 
water molecules for the reaction to occur,” as water can act as a solvent or reactant in sucrose 




sucrose could be due to the depression of the melting point by thermal decomposition products, 
which would increase the molecular mobility. As such, loss of crystalline structure due to 
thermal decomposition would be expected to have a similar effect on the rate of the reaction. 
7.3.2 Quasi-isothermal MDSC 
 In non-isothermal MDSC, a sinusoidal heating rate is applied in addition to the linear 
heating rate that a sample would be subjected to in a standard DSC experiment (Thomas, 2006). 
The addition of the modulated heating rate allows more signals to be monitored during an MDSC 






+ 𝑓(𝑇, 𝑡) (7.1) 
Equation 7.1 shows the signals measured during a non-isothermal MDSC experiment. In this 
equation, dH/dt is the total heat flow, which is equivalent to the signal measured in standard DSC 
experiments. The Cp(dT/dt) term is the heat capacity component of the total heat flow and f(T,t) 
is the kinetic component of the total heat flow. In standard DSC experiments, only the total heat 
flow signal is measured. In MDSC, the total heat flow signal is separated into reversing (heat 
capacity) and non-reversing (kinetic) components. With quasi-isothermal MDSC, a temperature 
modulation is applied to a constant average temperature. This creates the modulated heat flow 
and modulated heating rate signals that are used to calculate the RevCp signal as shown in 
Equation 7.2.  The reversing heat capacity signal (RevCp) typically includes information about 




∗ 𝐾𝐶𝑝𝑟𝑒𝑣 (7.2) 
KCpRev is a calibration constant typically obtained with a sapphire standard. Since the thermal 




2011b; Lu et al., 2017), changes in the RevCp signal during isothermal experiments can be used 
to monitor thermal decomposition in solid sucrose. Previous work has demonstrated that 
chemical changes during thermal decomposition occur on the same time-scale as structural 
changes (Chapter 5). 
 Two novel methods will be used to extract kinetic parameters from the QI-MDSC RevCp 
signal. The first is based on traditional kinetic theory and will be referred to as the rate constant 
method. Since the structural changes observed using QI-MDSC occurred on the same time-scale 
as the chemical changes monitored using HPLC (Chapter 5), the changes can be treated in the 
same way as a chemical reaction, without modification to account for the data being obtained 
using thermal analysis. The half-life (t1/2) can be extracted from the QI-MDSC RevCp signal as 
the half-height of the step change in heat capacity observed during thermal decomposition. The 






After determining k at several temperatures, the ln(k) can be plotted as a function of inverse 
temperature (K-1) to create an Arrhenius plot. The slope and intercept of the best-fit line for the 
plot can be used to calculate Ea and A, where the extent of the reaction (α) is 50%, using a 
derivation of the Arrhenius equation (Equation 7.4), where R is the universal gas constant. 







 The second method that will be used to extract the kinetic parameters is based on the 
slope of the QI-MDSC curve during the reaction and will be referred to as the slope method. The 
slope of the QI-MDSC curve gives the rate of loss of crystalline structure during thermal 




the QI-MDSC curve (mQI) can be used as a measure of the reaction rate. The slope will be 
determined from the region on the curve with the maximum slope, as indicated in Figure 7.1. 
This value will be used in place of the rate constant to create an Arrhenius plot, with ln(mQI) 
plotted as a function of 1/T (K-1). The best-fit line for the plot will be determined, and the Ea and 
A will be calculated from the slope and the intercept of the curve, as outlined in Equation 7.4, 
although these values are independent of the extent of the reaction. 
7.4 Materials and Methods 
7.4.1 Materials 
 Three types of “as is” crystalline sucrose samples were used: analytical grade cane 
(S0389, Sigma-Aldrich Corp., St. Louis, MO, USA, lot SLBR5401V), which will be referred to 
as Sigma cane, United Sugar (US) commercial cane (Safeway Inc., Boise, ID, USA, lot 
F0358DS2571), which will be referred to as US cane, and US commercial beet (Kroger Co., 
Cincinnati, OH, USA, lot E9251), which will be referred to as US beet. Sigma cane was stored in 
its original packaging and sealed with parafilm after opening and between uses, and US cane and 
US beet samples were stored in their original packaging and were wrapped in plastic wrap 
between uses. 
7.4.2 Quasi-Isothermal MDSC 
 Approximately 10 mg of each type of sucrose was placed in a Tzero pan (TA 
Instruments, New Castle, DE, USA), which was sealed with a Tzero aluminum hermetic lid (TA 
Instruments). All samples were analyzed using a Q2000 DSC (TA Instruments). Sigma and US 
cane samples were equilibrated at the following temperatures: 130, 135, 140, 145, or 150°C with 
a modulated heating rate having an amplitude of ±1°C and period of 100s. US beet samples were 




samples. The heating times used at each temperature are summarized in Table 7.1. Cane samples 
were not analyzed at 155 and 160°C because thermal decomposition began before samples 
equilibrated. The higher temperatures were used for US beet sucrose due to the long 
experimental times required for beet loss of crystalline structure to occur. All samples were held 
at the given temperature until complete loss of crystalline structure was achieved. DSC curves 
were analyzed using the step transition analysis method in TA Universal Analysis (TA 
Instruments) to determine the lag time (onset), t1/2 (midpoint), and end time (endpoint) of thermal 
decomposition at the given temperature. The slope of the curve during thermal decomposition 
was also measured.  
7.4.3 Kinetic Analysis 
 To determine the kinetic parameters with the rate constant method, which used data from 
the QI-MDSC RevCp signal, the t1/2 at each temperature was converted to k using Equation 7.3. 
The ln(k) was then plotted as a function of 1/T (K-1) to create an Arrhenius plot, and the best-fit 
line for the resulting plot was obtained. The slope of the best-fit line (m) was used to calculate 
the Ea using Equation 7.5: 
𝐸𝑎 = 𝑚𝑅 (7.5) 
and the intercept of the best-fit line (b) was used to calculate A with Equation 7.6. This method 
will be referred to as the rate constant method.  
𝐴 = 𝑒𝑏 (7.6) 
 To determine the kinetic parameters with the slope method using data obtained from the 
QI-MDSC RevCp signal, the ln(mQI) was plotted against 1/T (K-1) to create an Arrhenius plot, 




used to calculate Ea from Equation 7.5, and the intercept of the best-fit line (b) was used to 
calculate A with Equation 7.6.  
7.5 Results and Discussion 
7.5.1 Use of RevCp Signal to Model Kinetic Behavior 
 The kinetic parameters were determined from the QI-MDSC RevCp signal using the rate 
constant and slope methods. Examples of the QI-MDSC RevCp curves used to obtain the kinetic 
parameters are displayed in Figure 7.2 and thermal parameters (onset time, t1/2, end time, and 
slope) for each sucrose source are reported in Appendix F. 
 For the rate constant method, the t1/2 was determined from the QI-MDSC RevCp curves at 
each temperature, and the rate constant for each temperature was calculated using Equation 7.3. 
These values are summarized in Table 7.2. Arrhenius plots (ln(k) versus 1/T) were then created 
(Figure 7.3a), and the slope was used to calculate the Ea for (Equation 7.5), while the intercept 
was used to calculate A (Equation 7.6) for each sucrose source. These values are summarized in 
Table 7.3, with Sigma cane having an Ea of 159 ± 11 kJ/mol, US cane 150 ± 5 kJ/mol, and US 
beet 155 ± 5 kJ/mol. 
 For the slope method, the slope of the linear portion of the QI-MDSC RevCp curve was 
determined at each temperature (Table 7.4). The slope value, which represents the rate of loss of 
crystalline structure over time, was used in the Arrhenius equation as a rate constant and plotted 
in Figure 7.3b to determine the kinetic parameters. The Ea and A values are summarized in Table 
7.3, with Sigma having an Ea of 136 ± 7 kJ/mol, US cane 134 ± 4 kJ/mol, and US beet 133 ± 5 
kJ/mol. 
 The Ea values from each method are compared to those from the isothermal 




Ea values at 50% α are given for comparison to the other methods, as the rate constant method 
uses the t1/2, which by definition occurs at 50% α, to determine Ea. Based on the similarity of the 
Ea values for all sucrose sources, the rate constant method using the QI-MDSC RevCp signal is 
equivalent to the isothermal isoconversional method and can be used to determine the Ea for 
thermal decomposition at 50% α. The Ea from the slope method is lower than that from the 
isoconversional method for all sucrose sources, suggesting the slope method cannot be used to 
obtain kinetic information from the QI-MDSC RevCp curve. 
 Two advantages of the rate constant method compared to the isoconversional method will 
be discussed. The first advantage is the ease of data analysis. The rate constant method requires a 
single value from the RevCp curve, t1/2, which is easily obtained using the step transition analysis 
in the Universal Analysis software. In comparison, the isoconversional method requires 
integration of the peak in the total heat flow signal to obtain α-time data. Equal α-time points 
must then be separated from the data at each temperature so the kinetic parameters can be 
determined. Additionally, the isothermal isoconversional method requires more complicated data 
analysis. In Chapter 6, a program was written using C++ and Python (Averill, 2018) to process 
the data for the isoconversional method. While this could be done in R or Matlab, it cannot be 
quickly performed. In comparison, the rate constant method can easily be done in a spreadsheet, 
which would be more useful for verification of kinetic information. The second advantage of the 
rate constant method is the additional information that can be obtained from the RevCp curve, as 
it can be used to separate kinetic and thermodynamic events, as will be discussed in Section 
7.5.2. 
 While the rate constant method does have advantages in terms of data analysis, it 




method, the only Ea that can be quickly determined is that at 50% α. The isoconversional method 
shows the behavior of the Ea over the entire range of α, which is much more useful in describing 
the mechanism of a complicated process than having a single value for Ea. Additionally, the use 
of the RevCp curve in the rate constant method is only possible when there is a phase change 
during the reaction of interest, as the RevCp curve measures changes in heat capacity, and does 
not display a transition if no loss of crystalline structure occurs (Thomas, 2006). The method 
herein is therefore useful for providing a faster determination of the kinetic parameters for a 
reaction that occurs with a phase change. 
 While the RevCp signal can be used to determine the kinetic parameters for sucrose 
thermal decomposition under quasi-isothermal conditions, this method does not improve the 
ability of kinetic models to predict the behavior of a reaction with a lag time at a single 
temperature. This weakness of current kinetic techniques is due to the description of the kinetic 
behavior based on the maximum rate of the reaction, corresponding to the steepest portion of the 
sigmoidal curve in the RevCp signal. When using the maximum rate of the reaction to determine 
kinetic parameters, the slower reaction rate during the lag time is not included in the model, 
preventing accurate prediction of the kinetic behavior at a single temperature, as discussed in 
Chapters 5 and 6. By examining the ΔCp for the RevCp signal, as was done in Figure 7.4, it can 
be seen that the step change that occurs during the maximum rate of sucrose thermal 
decomposition does not account for the entire reaction. The ΔCp for the loss of crystalline 
structure of sucrose should be around 0.748 J/g°C (Magon et al., 2014), however, the ΔCp for the 
step transition was only 0.589 J/g°C, indicating that the entire reaction and associated loss of 
crystalline structure is not accounted for in the step change. By including the beginning of the 




temperature) and end of the reaction (830 minutes, the time for complete loss of crystalline 
structure) the ΔCp is 0.693 J/g°C, which is closer to the expected ΔCp for complete loss of 
crystalline structure. To mathematically account for the entire reaction, it may be necessary to 
use fractional calculus to model the kinetic behavior over the entire reaction, as has been done in 
microbial death kinetics (Kaur et al., 2008). 
7.5.2 Mechanism Determination from the RevCp Signal 
 In addition to the ability to use the QI-MDSC RevCp signal to determine the kinetic 
parameters using the rate constant method, the RevCp signal can also provide information about 
the thermal events contributing to the transition of interest. The shape of the signal can be used to 
determine whether loss of crystalline structure is temperature or time dependent (Thomas, 2006). 
If loss of crystalline structure is just temperature dependent (true melting), the modulated heat 
flow will follow the modulated temperature, and this will create a peak in the RevCp signal, with 
the size of the peak proportional to the amount of true melting that is occurring during the 
transition. In comparison, a step change in the RevCp signal (no peak) indicates that an event is 
kinetic. 
 In the case of beet sucrose at 160°C, there is a peak present in the QI-MDSC RevCp 
signal, indicating that some true melting is occurring at that temperature. To confirm that this 
peak does indicate the presence of true melting, the confirmation of which was necessary since 
most of the work examining the shape of the RevCp signal has been done using nonisothermal 
MDSC (Thomas, 2006), the modulated heat flow signal was examined to check for indications of 
true melting. In Figure 7.5, the modulated heat flow signal for a sample of US beet at 140 and 
160°C were compared, with the time scale at 160°C multiplied by six to directly compare the 




The peak at 160°C was caused by the increase in the amplitude of the modulated heating rate 
signal, rather than a shift in the baseline, indicating that true melting is occurring in beet sucrose 
at 160°C. In comparison, neither cane source displays any true melting at this temperature, as can 
be seen in the RevCp curves in Figure 7.6. The lack of melting in cane sucrose is likely due to the 
shorter time required for complete loss of crystalline structure due to thermal decomposition in 
cane sucrose at 160°C compared to beet. 
 The presence of true melting at 160°C is unusual, as the literature reported melting point 
of sucrose is between 185 and 187°C (Reiser et al., 1995). What could cause true melting to 
occur 25°C below the melting point of sucrose? The likely cause is defects forming in the crystal 
due to thermal decomposition. As illustrated in Figure 7.7, the melting point of crystals with 
defects is lower than the melting point of pure crystals. When sucrose is held at elevated 
temperatures, but still below the literature reported melting point, defects form (originating at the 
mother liquor occlusions) within the crystal as thermal decomposition occurs. At low 
temperatures (less than 160°C for beet sucrose), the defects do not depress the melting point of 
the material to the temperature at which the material is being held. Eventually, if the material is 
held at a significantly high temperature, the number of defects formed lowers the melting point 
to the temperature at which it is held. The depression of the melting point by defect formation 
causes true melting to overlap with thermal decomposition during isothermal heating. The use of 
the RevCp curve allows for the determination of the temperature at which enough defects form 
for true melting to occur. The overlap of true melting is more important to consider under 
nonisothermal conditions, where the temperature is constantly increasing in combination with 
defect formation lowering the melting point. The influence of melting on nonisothermal studies 





 The Ea values for the thermal decomposition of Sigma cane, US cane, and US beet 
sucrose were determined using the isoconversional method described by Vyazovkin and Wight 
(1999) (Chapter 6) and two methods, the rate constant method and slope method, were proposed 
herein to determine the kinetic parameters from the QI-MDSC RevCp curve. The Ea values for 
all sucrose sources from the rate constant method were similar to those from the isothermal 
isoconversional method, while those from the slope method were significantly different from 
those from the isoconversional method. Since the rate constant method provides similar results to 
the isoconversional method, it can be used to determine the kinetic parameters for thermal 
decomposition reactions from the QI-MDSC RevCp signal. Although the rate constant method 
only provides a single Ea for the reaction and cannot be used to examine the changes in Ea with 
α, as is done in the isothermal isoconversional method, it requires less data analysis and provides 
more information about reactions that overlap a phase change than the isoconversional method. 
The additional information about reactions that overlap the phase change comes from the RevCp 
signal, which can provide information about the kinetic and thermodynamic contributions to the 






Table 7.1: Heating times for each sucrose source at each temperature examined herein. 
 Heating time (min) 
Temperature (°C) Sigma cane US cane US beet 
130 1000 2800 4500 
135 650 1650 NM 
140 400 1000 1500 
145 250 650 NM 
150 180 400 600 
155 NM* NM 450 
160 NM NM 300 
*NM = not measured 
 
Table 7.2: Experimentally determined t1/2 and k values for each sucrose source at each 
temperature using QI-MDSC. The t1/2 values were determined directly from the RevCp curves 
from QI-MDSC experiments, and the k values were calculated from the t1/2 values using 
Equation 7.3. 
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155 NM* NM 198 ± 2 NM NM 
3.50E-03 ± 
4.15E-05 
160 NM NM 107 ± 1 NM NM 
6.49E-03 ± 
7.06E-05 






Table 7.3: Summary of Ea and A values determined from rate constants (k) and slopes (mQI) 
collected using QI-MDSC. 











5.48E+17 ± 1.73E+18 
136.0 ± 
6.9 
6.12E+14 ± 1.24E+15 
US cane 150.1 ± 5.2 1.37E+16 ± 2.07E+16 
134.2 ± 
3.8 
1.46E+14 ± 1.62E+14 
US beet 154.6 ± 4.9 2.64E+16 ± 3.70E+16 
133.0 ± 
5.0 
9.50E+13 ± 1.36E+14 
 
Table 7.4: Experimentally determined slope values for each sucrose source at each temperature 
using QI-MDSC. The slope values were determined directly from the RevCp signal. 
 Slope (J/g°C/min) 
Temperature (°C) Sigma cane US cane US beet 
130 1.58E-03 ± 0.03E-03 5.86E-04 ± 0.02E-04 5.67E-04 ± 0.10E-04 
135 2.30E-03 ± 0.04E-03 1.01E-03 ± 0.03E-03 NM 
140 3.89E-03 ± 0.13E-03 1.61E-03 ± 0.10E-03 1.43E-03 ± 0.05E-03 
145 5.94E-03 ± 0.30E-03 2.39E-03 ± 0.10E-03 NM 
150 1.08E-02 ± 0.01E-02 4.06E-03 ± 0.07E-03 3.35E-03 ± 0.06E-03 
155 NM* NM 5.21E-03 ± 0.17E-03 
160 NM NM 9.51E-03 ± 0.21E-04 
*NM = not measured 
 
Table 7.5: Comparison of Ea obtained from the isoconversional method (Chapter 6), the rate 
constants (k) at each temperature, and the slope of the RevCp curve (mQI) at each temperature. 
The isoconversional method and the k method provide equivalent Ea at 50% extent of the 
reaction, while the mQI method does not provide an equivalent Ea. 





Sigma cane 157.7 ± 4.1 159.4 ± 10.8 136.0 ± 6.9 
US cane 149.1 ± 2.7 150.1 ± 5.2 134.2 ± 3.8 







Figure 7.1: Illustration of the t1/2 and slope determined from the QI-MDSC RevCp signal to 
calculate kinetic parameters for sucrose thermal decomposition. The t1/2 was converted to a rate 
constant (Equation 7.3) to use in the Arrhenius equation (7.4), while the slope represents the 
maximum reaction rate during thermal decomposition and was used in the Arrhenius equation 
(7.4) in place of the rate constant, to allow for the calculation of the Ea and A for the thermal 





Figure 7.2: QI-MDSC RevCp curves for a) Sigma cane, b) US cane, and c) US beet at all 
temperatures examined. Curves are shifted on the y-axis to be able to compare the shape of the 
peaks. For US beet at 160°C, the distinct peak present at the end of the DSC curve suggests that 













Figure 7.3: Arrhenius plots for Sigma cane, US cane, and US beet sucrose created based on a) 
rate constants and b) slope collected using the QI-MDSC RevCp signal. The slope of each line is 
used to calculate the Ea for thermal decomposition, and the intercept is used to calculate A. 
y = -19176x + 40.846
R² = 0.9863
y = -18049x + 37.156
R² = 0.9964


























Figure 7.3 (cont.) 
 
y = -16353x + 34.047
R² = 0.9922
y = -16140x + 32.615
R² = 0.9976

























Figure 7.4: The ΔCp for the step change in the RevCp signal associated with loss of crystalline 
structure during sucrose thermal decomposition is 0.589 J/g°C, while it is expected to be closer 
to 0.748 J/g°C (Magon et al., 2014), indicating that the step change does not account for the 
entire reaction. The ΔCp from the onset of the reaction (beginning of the lag time) to the end of 
loss of crystalline structure is 0.693 J/g°C, which accounts for a larger portion of the reaction 
than the step change, suggesting that the data from the lag time needs to be included when 






Figure 7.5: Modulated heat flow signals from US beet sucrose heated isothermally at 140°C and 
160°C. The time values for the signal from 160°C were multiplied by six so that the two 
temperatures could be directly compared. The peak in the signal at 160°C indicates that 
thermodynamic melting is occurring, as the amplitude of the modulated heat flow signal is 





Figure 7.6: RevCp curves for Sigma and US cane sucrose at 160°C. The first five minutes were 
removed because the samples are equilibrating to 160°C and the reaction begins prior to 
equilibration finishing. No peak is visible in the RevCp curves, suggesting that no true melting is 
occurring in cane samples at 160°C, likely due to the shorter times that are required for thermal 





Figure 7.7: Schematic illustration of the temperature dependence of the enthalpy (H, J/g) and 
Gibbs free energy (G) of amorphous and crystalline materials with or without defects. At 
equilibrium, thermodynamic melting occurs when the Gibbs free energies of the crystalline and 
amorphous phases are the same (i.e., delta G = 0), which corresponds to the intersection of the 
crystalline and amorphous lines circled in green. Defects increase the enthalpy of a crystalline 
material (top figure), which results in an increase in Gibbs free energy since G = H-TS (where T 
= temperature and S = entropy). Consequently, crystalline materials with defects have a lower 
thermodynamic melting temperature than those free from defects because the point at which the 
Gibbs free energies of the crystalline and amorphous phases intersects occurs at a lower 
temperature. Additionally, the increase in enthalpy of a crystalline material with defects results 
in a smaller difference between the enthalpies of the amorphous and crystalline phases (delta H), 
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Chapter 8:  Can the reversing heat capacity signal from nonisothermal modulated 
differential scanning calorimetry be used to model the kinetics of thermal decomposition? 
8.1 Abstract 
 While DSC is a well-established method for modelling the kinetics of thermal 
decomposition, modulated DSC (MDSC) has not been explored for this purpose. The MDSC 
RevCp signal, which monitors changes in heat capacity, may be able to model the thermal 
decomposition kinetics for materials, such as sucrose, that undergo loss of crystalline structure 
during the reaction. To determine if the RevCp signal could be used to model kinetic behavior, 
the kinetic parameters for the thermal decomposition of cane and beet sucrose were determined 
from the RevCp signal using established models and compared to those obtained from the MDSC 
total heat flow signals. Based on the comparison to the kinetic parameters from the MDSC total 
heat flow signal, the RevCp signal does not provide equivalent information to the total heat flow 
signal to describe the thermal decomposition kinetics, however, the signal can be used to explore 
the mechanism of thermal decomposition. 
8.2 Introduction 
 The kinetics of reactions in the solid state are often studied using nonisothermal methods  
developed for differential scanning calorimetry (DSC) (Abd-Elrahman and Ahmed, 2009; Augis 
and Bennett, 1978; Duswalt, 1974; Fava, 1968; Flynn, 1985; Lee et al., 2011b; Miranda et al., 
2013; Ozawa, 1970). These nonisothermal kinetic methods are applicable to many types of 
reactions (Duswalt, 1974), require less time than isothermal experiments (Brown and Phillpots, 
1978), and allow for the examination of the kinetics of a reaction over a range of temperatures 
(Coats and Redfern, 1963; Lázaro et al., 1998). To obtain kinetic parameters from thermal 




method requires the logarithm of the examined heating rates to be plotted as a function of the 
onset temperature (Tmonset) of the transition of interest, creating an Arrhenius plot. In general, 
Arrhenius plots are expected to be linear. However, non-linear Arrhenius plots have been 
observed (Flynn, 1988, 1980; Lázaro et al., 1998; Lu et al., 2017a; Ozawa, 1976). The non-
linearity of these plots is generally attributed to the presence of multiple processes with different 
activation energies in the observed thermal event (Flynn, 1988, 1980; Lázaro et al., 1998; 
Ozawa, 1976). This difference in heating rate dependence can be used to separate thermal events 
with large differences in their activation energies (Ea), as reactions with low Ea dominate at slow 
heating rates, while those with high Ea dominate at fast heating rates. Reactions with similar Ea 
values, however, cannot be separated, which can prevent the accurate determination of reaction 
mechanisms when processes with overlapping Ea values occur in a sample. 
 The presence of a slope change in an Arrhenius plot can lead to difficulty in accurately 
determining the kinetic parameters for a reaction, as it is best to obtain data over a wide range of 
heating rates to ensure the accuracy of the kinetic measurement (Vyazovkin et al., 2014). In 
some cases, the change in slope of an Arrhenius plot occurs at low heating rates, such as in the 
case of beet sucrose (Figure 3.4), where the change of slope in the Arrhenius plot occurs between 
heating rates of 2 and 3°C/min. When the slope change occurs at low heating rates it is difficult 
to obtain data over a large enough range of heating rates to accurately characterize the kinetic 
parameters using standard DSC experiments, as there is a loss of sensitivity at low heating rates, 
making thermal events more difficult to detect (Thomas, 2006; Thomas and Schmidt, 2017). 
Additionally, at low heating rates, standard DSC experiments tend to have a poor baseline, 




 One method that can address the limitations of standard DSC (SDSC) is modulated DSC 
(MDSC), in which a sinusoidal heating rate is applied over a linear heating rate or an isothermal 
heat treatment (Thomas, 2006). The use of two heating rates allows for the optimization of both 
sensitivity and resolution in a single experiment. The resolution is improved by using a slow 
linear heating rate (the average heating rate for the experiment), while the sensitivity is improved 
by using a fast modulated heating rate. Additionally, when using the reversing heat capacity 
(RevCp) signal generated in an MDSC experiment, the signal is calculated from the ratio of the 
amplitudes of the modulated heat flow and modulated heating rate signals, eliminating baseline 
curvature and drift. These improvements allow for the use of MDSC to study much lower 
heating rates than can be examined in SDSC.  
 Although MDSC overcomes many of the shortcomings of an SDSC experiment, the 
technique has not been as extensively used for kinetics. Studies that use SDSC or TGA to 
determine kinetic parameters for thermal decomposition reactions occasionally utilize MDSC to 
examine the mechanism of the reaction or physical changes that occur in the material to explain 
the observed kinetic parameters (Chen et al., 2004; Miranda et al., 2013; Sbirrazzuoli et al., 
2003; Wagner et al., 2000), but MDSC has not often been applied to directly obtain kinetic 
parameters. Early explorations of the use of MDSC for kinetics focused on the examination of 
polymer crystallization, with Toda et al. (1997) developing a model that used the shift in phase 
lag between sample temperature and heat flow to obtain a temperature coefficient of 
transformation rate for polyethylene crystallization. This method has been validated by other 
researchers (Chen et al., 2000; Toda et al., 1998). A method to examine the kinetics of polymer 
melting using the shift in phase lag between the heat capacity heat flow and the kinetic heat flow 




unable to find its use in the literature. Modulated thermogravimetry (MTGA), a TGA technique 
analogous to MDSC, has also been utilized for kinetic studies. Blaine and Hahn (1998) 
developed a method to obtain kinetic parameters (Ea and A) for thermal decomposition and 
volatilization reactions using MTGA experiments. The technique has been used to analyze the 
thermal decomposition of oils (Gamlin et al., 2002) and some pharmaceuticals, including 
ampicillin anhydrous, ampicillin trihydrate, ampicillin sodium salt, and penicillin G potassium 
salt (Miller et al., 2004). Miller et al. (2004) found that some of the kinetic parameters obtained 
from MTGA did not match literature reported values, although these differences were for values 
obtained at a single heating rate and single heating rate studies have been reported as unreliable 
(Roduit, 2000). These methods developed for MDSC and MTGA introduce complicated 
mathematical models to account for the effect of the modulated heating rate on the obtained 
kinetic parameters. Accounting for the presence of the modulated heating rate is the largest 
potential barrier to utilizing MDSC data to calculate kinetic parameters using the Flynn-Wall-
Ozawa (FWO) method outlined in ASTM E698 (2005).  
 While it may be necessary to mathematically account for the effect of the modulated 
heating rate in some systems, it may not always be necessary. For example, studies have applied 
the FWO or similar kinetic methods to MDSC data to examine the kinetics of starch 
gelatinization (Lai and Lii, 1999), polymer crosslinking (Salla et al., 2002), and cold 
crystallization (Kasyap et al., 2014; Pratap and Sharma, 2012). In these studies, the average 
linear heating rate from MDSC was plotted as a function of the inverse of the transition 
temperature obtained from the total heat flow signal, and linearity of the Arrhenius plots were 
obtained. The linear Arrhenius plots suggest that the effect of the modulated heating rate is 




obtained from SDSC experiments. Though these studies did not examine the application of 
MDSC to thermal decomposition reactions. However, the similarity of the MDSC results to 
results from SDSC experiments suggests that MDSC data can be used to calculate the kinetic 
parameters for thermal decomposition reactions using the FWO method.  
 While previous work has examined the total heat flow signal for the determination of 
kinetic parameters, the present study will investigate whether the onset temperatures from the 
reversing heat capacity (RevCp) signal from nonisothermal MDSC experiments can be used to 
determine the kinetic parameters for thermal decomposition reactions. The results from the 
MDSC RevCp signal will be compared with the results obtained from applying the FWO method 
to data obtained from the MDSC total heat flow signal and SDSC experiments in Chapter 3. It is 
expected that the kinetic parameters obtained from the MDSC RevCp signal will match those 
obtained from the MDSC and SDSC total heat flow signals.  
8.3 Theory 






+ 𝑓(𝑇, 𝑡) (8.1) 
where dH/dt is the total heat flow signal, which is equivalent to the signal obtained from SDSC 
experiments at the same average heating rate, Cp(dT/dt) is the heat capacity component of the 
total heat flow, and f(T,t) is the kinetic component of the total heat flow, which is the difference 
between the total heat flow signal and the reversing heat flow signal (Thomas, 2006). In SDSC, 
only the total heat flow can be measured. In MDSC, however, the total heat flow can be 
separated into reversing (heat capacity) and non-reversing (kinetic) components, allowing for the 




experiments, which are similar to the heat flow signals in that they can be separated into 
reversing and non-reversing components. 
 The reversing heat capacity signal (RevCp) typically includes information about heat 
capacity, changes in heat capacity, and melting (Danley, 2003; Thomas, 2006). It is calculated 





∗ 𝐾𝐶𝑝𝑟𝑒𝑣 (8.2) 
where KCpRev is the calibration constant for RevCp. The RevCp signal is converted to reversing 
heat flow by multiplying it by the average heating rate. Equation 8.2 is also the reason that 
MDSC has a more stable baseline than SDSC, as the measured signal is the ratio of heat flow 
and heating rate amplitudes, which eliminates baseline curvature and drift (Thomas, 2006). 
 The improved baseline of the RevCp signal is the primary motivation for exploring the 
use of this signal for the determination of kinetic parameters, as it facilitates easier data analysis 
at low heating rates without the need to smooth the data. Since the loss of crystalline structure in 
sucrose is driven by thermal decomposition at low heating rates (Chapter 3, Lee et al., 2011a, 
2011c; Lu et al., 2017a) the RevCp signal can be used to measure the kinetics of sucrose thermal 
decomposition, as the heat capacity of a material changes during chemical reactions and phase 
changes (Wunderlich, 2005). 
 The kinetic parameters will be obtained using the nonisothermal kinetic method outlined 
in ASTM E698 (2005), the same method that was used in Chapter 3. In this method, the onset 
temperature for an event (Tmonset) is determined at several heating rates (β). A plot of log10β 
versus 1/Tmonset (an Arrhenius plot) is then created. The slope (m) for the best-fit line of the plot 




𝐸𝑎 = −2.19 ∗ 𝑅 ∗ 𝑚 (8.3) 
where R is the gas constant (8.314 J mol-1 K-1). The value of the activation energy is then 
iteratively refined as described in ASTM E698. The pre-exponential factor (A) is then calculated 
using Equation 8.4: 
𝐴 =






where β is a heating rate in the middle of the examined range. Since previous studies have 
suggested that the modulated heating rate can be neglected when applying kinetic models to 
MDSC experiments (Kasyap et al., 2014; Lai and Lii, 1999; Pratap and Sharma, 2012; Salla et 
al., 2002), the heating rate used in the determination of the kinetic parameters will be the average 
linear heating rate at which the experiments were conducted.  
  To determine if the kinetic information obtained using the RevCp signal from MDSC 
experiments is accurate, the Ea and A values obtained for each sucrose source will be compared 
to those obtained in Chapter 3 (Table 3.11) and to those obtained from the total heat flow signal 
of the MDSC experiments. Since the range of heating rates over which a kinetic study is 
performed can affect the resultant kinetic parameters (Chapter 3, Flynn, 1988; Ozawa, 1976), it 
is possible that the kinetic parameters will differ at the lower heating rates studied using MDSC 
compared to SDSC. The kinetic parameters from the MDSC and SDSC total heat flow signals 
will therefore be compared to determine whether the heating rate range of each study could be 
influencing the kinetic parameters. If heating rate appears to affect the kinetic parameters 
obtained from MDSC, the parameters from the MDSC RevCp signal will be compared to those 





8.4 Materials and Methods 
8.4.1 Materials 
 Three types of “as is” crystalline sucrose samples were used: analytical grade cane 
(S0389, Sigma-Aldrich Corp., St. Louis, MO, USA, lot SLBR5401V), United Sugar (US) 
commercial cane (Safeway Inc., Boise, ID, USA, lot F0358DS2571), and US commercial beet 
(Kroger Co., Cincinnati, OH, USA, lot E9251). Sucrose sources will be referred to as follows: 
analytical grade cane as Sigma cane, US commercial cane as US cane, and US commercial beet 
as US beet. While a different lot of Sigma cane is being used herein than was used in Chapter 3, 
it was demonstrated in Chapter 4 that their kinetic parameters do not significantly differ.  
8.4.2 Modulated Differential Scanning Calorimetry 
 Approximately 10 mg of Sigma analytical grade cane, US cane, or US beet sucrose was 
placed in a hermetically sealed DSC pan. MDSC experiments were performed at heating rates of 
0.04, 0.2, 0.5, 1, and 2°C/min with a modulated heating rate having an amplitude of ±1°C and a 
period of 100s. The maximum linear heating rate that could be used in this study was limited, as 
too few modulations occur during transitions at higher heating rates. Nine replicates were 
collected at each heating rate. The Tmonset will be determined for the transitions from the RevCp 
curve, and the Tmonset, peak temperature (Tp), and peak enthalpy (ΔH) will be determined from 
the total heat flow curve. The Tmonset values from each curve will be used for statistical 
comparison. 
8.4.3 Statistics 
 Nine samples from each sucrose source were analyzed at each of the selected heating 
rates. The data from the samples for each signal at each heating rate were then randomly divided 




calculated values (Ea and A) were then averaged. The means were compared for each signal 
(MDSC RevCp, MDSC total heat flow, and SDSC total heat flow) by performing a one-way 
ANOVA test using the aov function in RStudio (RStudio1.0.153, RStudio, Boston, MA), with a 
p-value of 0.05 used to determine significance. If the ANOVA test indicated that at least one of 
the tested means was different, a Tukey’s HSD test was performed using the HSD.test function 
in the agricolae library of R to perform a pairwise comparison of all means to group them by 
significance. The Tmonset values from each heating rate were also compared for each signal using 
the same method. 
8.5 Results and Discussion 
8.5.1 Comparison of Kinetic Parameters 
 The Arrhenius plots obtained from the MDSC RevCp and total heat flow signals and the 
kinetic parameters (Ea and A) calculated from these plots are summarized in Figure 8.1 and 
Table 8.1, respectively, which also includes the values calculated in Chapter 3 (Table 3.11). To 
determine if the MDSC RevCp signal can be used to model kinetic behavior, two comparisons of 
the Ea and A values obtained from different DSC signals will be discussed: 1) MDSC total heat 
flow versus SDSC total heat flow (Chapter 3), and 2) MDSC RevCp versus MDSC total heat 
flow.  
 First, to determine whether the heating rate range over which the kinetic studies were 
performed affects the kinetic parameters, the Ea and A values obtained from the MDSC total heat 
flow signal were compared to those from the SDSC total heat flow signal. In the present study, 
the kinetic parameters from MDSC were obtained over a heating rate range of 0.04 to 2°C/min, 
compared to 0.5 to 50°C/min for SDSC in Chapter 3. The Ea values from the MDSC total heat 




sucrose sources, although none of the A values are significantly different. The differences 
between the Ea values indicates that the range of heating rates over which the kinetic parameters 
are determined does affect the obtained kinetic parameters. Reasons for the difference will be 
discussed in Section 7.5.3. Since there is an observed difference between the kinetic parameters 
obtained from the MDSC and SDSC heat flow signals, the kinetic parameters obtained from the 
MDSC RevCp signal (heating rate range of 0.04 to 2°C/min) should be compared to those from 
the MDSC total heat flow signal to assess whether the RevCp signal can be used to model kinetic 
behavior. 
 The Ea for Sigma cane from the MDSC RevCp and total heat flow signals were not 
significantly different from each other, but the Ea for US cane and US beet from the RevCp 
signal were significantly larger than the Ea from the MDSC total heat flow signal. Additionally, 
the A for US cane is significantly different when calculated using these signals, although it is the 
only comparison of A values to display a significant difference. Since the Ea for US cane and US 
beet sucrose from these signals are statistically different, the MDSC RevCp signal cannot be used 
to determine the kinetic parameters for thermal decomposition at low heating rates. 
8.5.2 Reasons for RevCp Differences 
 The difference in the kinetic parameters obtained from the MDSC RevCp signal 
compared to the MDSC total heat flow signals could be due to differences in the Tmonset. As 
illustrated in Figure 8.2, the Tmonset values from the RevCp signal are significantly higher than 
those from MDSC and SDSC total heat flow signals for Sigma and US cane sucrose. For US beet 
sucrose, the Tmonset from the RevCp signal is higher than the MDSC total heat flow signal at 
0.04°C/min (SDSC was not performed at this heating rate because the small peak in cane sucrose 




signals at higher heating rates. Cane and beet sources Tmonset values do not display consistent 
differences when comparing the MDSC RevCp and total heat flow signals, but both exhibit a 
larger Ea, suggesting that the differences in the Tmonset values at each heating rate are less 
important than the relative increase in Tmonset with increasing heating rate. Although the 
difference in the Tmonset values suggests the RevCp signal is not equivalent to the total heat flow 
signal, the Tmonset values themselves do not indicate a reason for the difference. 
 The difference between the Tmonset values and resulting kinetic parameters obtained from 
the MDSC RevCp and total heat flow signals could be due to differences in how thermal events 
are measured by each signal. The MDSC RevCp signal measures the change in heat capacity, 
which result from the loss of crystalline structure. The RevCp signal is a portion of the total heat 
flow signal, which measures changes in heat flow due to chemical reactions and loss of 
crystalline structure (Danley, 2003; Thomas, 2006). Since the Tmonset in the total heat flow signal 
occurs at a lower temperature for the cane sources, it may indicate that thermal decomposition is 
causing a change in the heat flow signal before loss of crystalline structure is detected in the 
RevCp signal, at least in the case of cane sucrose. This difference in detection temperature in 
each signal could also impact US beet at low heating rates, with the resulting kinetic differences 
due to the change in the RevCp Tmonset from a higher temperature than the total heat flow Tmonset 
to a lower temperature. The difference in Tmonset values could indicate that each signal detects the 
onset of decomposition at different extents of the reaction. If the signals are measuring different 
extents of the reaction, they cannot be directly compared, as the Ea can change with the extent of 
the reaction (Brown et al., 2000; Vyazovkin, 2000; Vyazovkin and Wight, 1997). Since the 
RevCp signal has a higher Tmonset than the total heat flow signal, it is likely that it is obtaining the 




RevCp signal are obtained at a higher extent of reaction than the total heat flow signal, the values 
from the RevCp are not equivalent to the total heat flow signal and the RevCp signal cannot be 
used to determine kinetic parameters that are equivalent to those obtained from the method 
outlined in ASTM E698. To determine whether the signal accurately determines the kinetic 
parameters for a reaction, it may need to be compared to the isoconversional method described 
by Vyazovkin et al. (2011), which examines the reaction across a range of extents. 
8.5.3 Applications of the RevCp Signal to Kinetic Studies 
 Although the RevCp signal cannot be used to obtain the kinetic parameters for the thermal 
decomposition of sucrose, it can provide information about the mechanism of the reaction, which 
can be used to explain differences in the kinetic parameters, as previous authors have reported 
(Miranda et al., 2013; Wagner et al., 2000). In the case of sucrose, the MDSC RevCp signal can 
be used to examine the thermal events that contribute to the large peak at low heating rates. The 
knowledge of the thermal events that are occurring during a transition, especially a complex 
transition that could include both a chemical reaction and a phase change, is important for 
accurately describing the mechanism of a reaction. Since the MDSC RevCp signal can be used to 
distinguish between kinetic loss of crystalline structure driven by thermal decomposition, termed 
apparent melting by Lee et al. (2011c), and thermodynamic loss of crystalline structure, termed 
true melting by Schmidt et al. (2012), it can be used to examine differences between the kinetic 
parameters from MDSC and SDSC total heat flow signals. Therefore, the discussion will begin 
by examining the differences between the kinetic parameters obtained from the MDSC and 
SDSC total heat flow signals and proceed to include the applications of the MDSC RevCp signal 




 The differences in the Ea obtained from the MDSC total heat flow signal and the SDSC 
total heat flow signal suggests that the heating rate range over which the kinetics are studied 
impacts the kinetic parameters for sucrose. Similar differences were observed in Chapter 5, 
where the kinetics of thermal decomposition under isothermal conditions differed from the 
predicted behavior determined using nonisothermal kinetic methods. In Chapter 5, these 
differences were attributed to the different temperature ranges that were studied using isothermal 
versus nonisothermal methods. The effect of the temperature ranges was suggested to be due to 
the possible overlap of true melting with thermal decomposition when the reaction is examined 
at the higher temperatures involved in the nonisothermal kinetic study compared to the 
isothermal study. The FWO method outlined in ASTM E698 assumes that the Tmonset values used 
to determine the kinetic parameters are obtained at equal extents of the reaction at each heating 
rate. If melting is contributing to the DSC peak behavior, it is possible that the Tmonset is not 
occurring at equal extents of the reaction at all heating rates, with the extent of the reaction at the 
Tmonset of the large peak decreasing as heating rate increases. The impact of true melting could 
cause the differences between the kinetic parameters determined at low heating rates and those 
determined at higher heating rates for US beet in Chapter 3 and for all sucrose sources herein. 
The use of lower heating rates decreases the Tmonset, which are plotted as a function of heating 
rate in Figure 8.2 and reported in Appendix G and end temperatures (Tend) of the large peak, 
which are reported in Table 8.2. At some low heating rates, the Tend of the large peak occurs 
below the literature reported melting temperature for sucrose (185 to 187°C) (Reiser et al., 
1995). For US cane and US beet sucrose, the Tend of the large peak occurs below 185°C at 
heating rates less than or equal to 0.5°C/min, while for Sigma cane the Tend of the large peak 




lower heating rates, the entire loss of crystalline structure observed during the large peak is due 
to thermal decomposition, with no contribution from true melting. 
 Although not quantitative for measurement of initial crystallinity as discussed in Thomas 
(2006), the MDSC RevCp signal can be used to determine whether loss of crystalline structure is 
temperature or time dependent. If loss of crystalline structure is just temperature dependent (true 
melting), the modulated heat flow will follow the modulated temperature and this will create a 
peak in the RevCp signal. The larger the peak in the RevCp signal, the greater the amount of true 
melting.  A step change in the RevCp signal (no peak) indicates that an event is kinetic, while the 
presence of a peak indicates that the event contains some true melting. Thus, relative differences 
in true melting can be seen and measured. As illustrated for sucrose in Figure 8.3, at low heating 
rates the RevCp signal appears as a step change and becomes a peak as the heating rate increases. 
It should be noted that the signals in the curves depicted in Figure 8.3 do not represent the 
absolute value of Cp, but were shifted on the y-axis (Cp) for visual comparison. For Sigma cane 
(Figure 8.3a), the RevCp signal appears to become a peak at a heating rate of 0.5°C/min and is 
clearly a peak at 1 and 2°C/min. For US cane and beet (Figure 8.3b and c), the RevCp signal is 
clearly a peak at all heating rates above 0.2°C/min, and a peak may be starting to appear in US 
beet at 0.04°C/min. The shapes of these curves indicate that the large peak of US cane and US 
beet sucrose have contributions from true melting at lower heating rates than Sigma cane, which 
is consistent with the impact of impurities on thermal decomposition discussed by Lu et al. 
(2017b), where increased amounts of impurities were found to inhibit thermal decomposition. 
One limitation of the use of the MDSC RevCp signal is that the signal is only useful at low 
heating rates, as 4 to 5 modulations need to be present by the half-height of the peak of interest to 




possible to obtain the necessary number of modulations. In the case of sucrose, MDSC cannot be 
used above 2°C/min, as at 2°C/min only two modulations occur prior to the half-height of the 
large peak, as illustrated in Figure 8.4. 
 In addition to observing the heating rate at which true melting begins to influence the 
large peak, the ΔH of the peaks in the RevCp signal can be used to compare the relative impact of 
true melting by determining the ratio of the RevCp ΔH to the total heat flow ΔH. The ratios, 
which semi-quantify the amount of true melting occurring during the total heat flow peak, are 
summarized in Table 8.3. Sigma cane displays the least true melting at all heating rates where 
true melting was observed, while US beet displays the most. The amount of true melting also 
increases with increasing heating rate for all sources, as was expected. The differences in the 
amount of true melting observed between the sucrose sources may account for their differences 
in kinetic behavior. US beet, which displays the most true melting at low heating rates has the 
largest Ea when studied nonisothermally, both at low heating rates (herein) and higher heating 
rates (Chapter 3). Additionally, US beet displays the change in slope in its large peak Arrhenius 
plot (Figure 3.4) at the lowest heating rate (between 2 and 5°C/min), while the change in slope 
for Sigma cane occurs between 10 and 25°C/min. Since the shift in the large peak Arrhenius plot 
appears to be related to the outrunning of thermal decomposition (Section 3.5.3), it is likely that 
the amount of true melting needed to cause the change in slope can be quantified if the change in 
slope occurs at a low enough heating rate. It is important to note that Lee et al. (2011d) 
demonstrated that thermal decomposition associated with the small peak could not be outrun 





 Based on the results reported herein, the amount of melting needed to cause the change of 
slope of the Arrhenius plot is around 40%, as 2°C/min appears to be the onset of the slope 
change for US beet sucrose, which displays a 39.74 ± 5.36% contribution of true melting to the 
peak in the total heat flow signal at that heating rate. The increased contribution of true melting 
as heating rate increases could also account for the heating rate dependence of the Ea differences 
observed in beet sucrose, as the presence of a thermodynamic event negates the assumption that 
the Tmonset of the peak represents the same extent of the reaction at all heating rates. With the 
presence of true melting, the Tmonset would represent a smaller extent of thermal decomposition 
and larger extent of true melting as the heating rate increases. This increase in the amount of true 
melting represented by the large peak would increase the Ea, as seen for US beet sucrose in 
Chapter 3, as true melting is expected to have an infinite Ea during the melting temperature 
(Galwey et al., 2001).  
 In the case of cane sucrose, the effect of true melting on the kinetic parameters when 
studying the kinetics nonisothermally may be avoided by using the small peak Tmonset for the 
calculation of the kinetic parameters. However, the inability of DSC to detect the small peak at 
low heating rates due to its low sensitivity prevents comparison of the small peak kinetic 
parameters over a lower range of heating rates. The large peak parameters were compared herein, 
and the lower Ea values than were determined for the small peak (Table 3.11) suggests that the 
small peak kinetic parameters may also be influenced by the heating rate range, although the 
impact of true melting on these values is less obvious. In the case of beet sucrose, which does not 
exhibit a small peak, it is not possible to avoid the effect of melting in a nonisothermal 
experiment, as illustrated in Figure 8.3. Therefore, the kinetic behavior of beet sucrose may be 




 While the MDSC RevCp signal cannot be used to calculate the kinetic parameters for 
thermal decomposition, the signal is useful for examining the thermal events that contribute to 
the peak of interest in the total heat flow signal. In the case of sucrose, this allows for the 
contribution of true melting to the total heat flow signal to be semi-quantified at different heating 
rates. The differences in the amounts of true melting exhibited by each sucrose source help to 
explain the differences displayed in the kinetic behavior. However, MDSC cannot be used to 
ascertain the amount of true melting at higher heating rates, as 4 to 5 modulation cycles by the 
half-height of a peak are required for accurate data collection, and at 2°C/min, only 2 modulation 
cycles are present at the half-height for US beet sucrose (Figure 8.4). In most kinetic studies, 
MDSC could be used to examine the thermal events at low heating rates, providing additional 
information about the behavior of the thermal event, allowing for a better explanation for the 
mechanism of the transition of interest. 
8.6 Conclusions 
 To determine whether the MDSC RevCp signal could be used to obtain the kinetic 
parameters for thermal decomposition, the Ea and A from the MDSC RevCp signal were 
compared to those from the MDSC total heat flow signal. The Ea for US cane and US beet 
obtained from the two signals were significantly different, indicating that the RevCp signal does 
not provide equivalent results as would be obtained from the method described in ASTM E-698. 
These differences may be due to the Tmonset from each signal occurring at a different extent of the 
reaction. As the MDSC RevCp signal does allow for the determination of kinetic parameters, 
future investigations could compare the method to the isoconversional method described by 
Vyazovkin et al. (2011), which examines the kinetic parameters over the entire range of extents 




 Although the MDSC RevCp signal does not provide equivalent results to the method 
described in ASTM E-698, it is useful for determining the mechanism of thermal decomposition 
when a phase change overlaps a reaction. The shape of the RevCp curve (step change versus 
peak) indicates whether a kinetic (step change) or thermodynamic (peak) event or both are 
contributing to the loss of crystalline structure. While thermal decomposition was the primary 
thermal event at all heating rates studied, all sucrose sources displayed the presence of true 
melting, a thermodynamic event, at higher heating rates, allowing for the semi-quantification of 
the contribution of true melting to the MDSC total heat flow signal. Sigma displayed the least 
overlap of true melting with thermal decomposition, while US beet displayed the most overlap of 
true melting, as it exhibited the largest ΔH values in the RevCp signal at all heating rates. The 
differences in the amount of true melting may cause the differences in the large peak kinetic 
parameters between the different sucrose sources, as the overlap of melting could alter the extent 
of thermal decomposition as heating rate increases. The ability to separate a phase change into 
kinetic and thermodynamic events is needed to accurately describe the mechanism of a reaction 







Table 8.1: Summary of Ea and A values for all sucrose sources as determined using the RevCp 
and MDSC heat flow signals. The values determined in Chapter 3 for the large peak of each 
sucrose source are also reported (SDSC total heat flow). Means with the same letter, within a 
column, are not statistically different (α = 0.05). Capital letters indicate a comparison of all three 
means, while lower case letters indicate a comparison of the RevCp and heat flow signals from 
MDSC. 






















































Table 8.2: End temperatures (Tend) at which the peak in the MDSC total heat flow signal had 
returned to baseline, indicating that complete loss of crystalline structure had been achieved for 
each sucrose source. Sigma cane Tend values are below the literature reported melting point of 
sucrose (185-187°C) at heating rates less than and equal to 1°C/min, while US cane and US beet 
Tend values are below the literature reported melting point of sucrose at heating rates less than 
and equal to 0.5°C/min. 
 Tend (°C) 
Heating Rate Sigma cane US cane US beet 
0.04 144.65 ± 0.61 152.86 ± 0.30 157.77 ± 0.49 
0.2 161.51 ± 0.32 169.73 ± 0.50 174.00 ± 0.33 
0.5 172.47 ± 0.71 178.93 ± 0.17 182.67 ± 0.22 
1 180.12 ± 0.33 185.36 ± 0.29 188.27 ± 0.11 






Table 8.3: Amount of true melting occurring in each sucrose source at each heating rate. The 
amount of melting increases with increasing heating rate, as expected based on the slope change 
observed in the large peak Arrhenius plots (Chapter 3). Sigma cane has the least occurrence of 
true melting at low heating rates, with none measurable until 2°C/min, and US beet has the most 
true melting, with almost 40% of the large peak due to true melting at 2°C/min. 
 Amount of melting (RevCp ΔH/MDSC total heat flow ΔH) (%) 
Heating Rate 
(°C/min) 
Sigma cane US cane US beet 
0.04 NP* NP NM 
0.2 NP 1.58 ± 0.06 3.30 ± 0.08 
0.5 NM** 3.74 ± 0.04 9.09 ± 0.04 
1 2.70 ± 0.16 8.89 ± 0.21 19.14 ± 0.36 
2 6.23 ± 0.33 19.49 ±0.72 39.74 ± 5.36 
* NP indicates that no peak was observed 








Figure 8.1: Arrhenius plot of Tmonset of thermal decomposition from the RevCp and total heat 
flow signals determined using MDSC. Solid trend-lines describe the total heat flow behavior and 
dashed trend-lines describe the RevCp behavior. The small differences in slope between the 
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Figure 8.2: Comparison of the Tmonset values for the RevCp and total heat flow signals from MDSC and the total heat flow signal from 
SDSC experiments for a) Sigma cane, b) US cane, and c) US beet sucrose. The Tmonset from the SDSC total heat flow signal were 
collected at 0.5 and 1°C for Sigma cane and 0.5, 1, and 2°C/min for US cane and US beet sucrose (Chapter 3). For cane sources, the 
Tmonset from the RevCp signal is higher than that for the MDSC or SDSC heat flow signals at all heating rates. For US beet, the Tmonset 
from the RevCp signal is lower than that for the MDSC or SDSC heat flow signals at all heating rates except for 0.04°C/min. Average 





Figure 8.3: RevCp curves from each heating rate for a) Sigma cane, b) US cane, and c) US beet 
sucrose. The curves are shifted on the y-axis (Cp) for visual comparison and the signals do not 
represent the absolute value of Cp. The shape of the RevCp curve shifts from a step change at low 
heating rates to a peak at higher heating rates. The appearance of a peak in the RevCp curve 
begins at a heating rate of 0.5°C/min for Sigma cane, 0.2°C/min for US cane, and 0.04°C/min for 
US beet. The contribution of true melting to the peak in the total heat flow was determined by 
comparing the ΔH from the RevCp curves to the ΔH from the MDSC total heat flow curves and 
















Figure 8.4: The modulated heat flow and total heat flow signals for US beet sucrose at 1 (green) 
and 2°C/min (blue). The number of modulations between Tmonset and the half-height of the peak 
determines whether MDSC is accurate at a given heating rate. In the case of sucrose (cane 
sources display similar behavior to beet in terms of modulations prior to the half-height), 3 to 4 
modulations are seen before the half-height at 1°C/min, while only 2 are present at 2°C/min, 
indicating that 1°C/min is the highest heating rate at which MDSC provides accurate data in the 






Abd-Elrahman, M.I., Ahmed, S.M., 2009. Thermal Degradation Kinetics and Geometrical 
Stability of D-Sucrose. Int. J. Polym. Mater. 58, 322–335. 
doi:10.1080/00914030902859273 
ASTM E698-11, 2005. . Annu. B. ASTM Stand. doi:10.1520/E0698-11.2 
Augis, J.A., Bennett, J.E., 1978. Kinetics of the Transformation of Metastable Tin-Nickel 
Deposits. J. Electrochem Soc 125, 330–334. 
Blaine, R.L., 2001. Obtaining Kinetic Parameters Using Modulated Temperature, in: Riga, A.T., 
Judovits, L. (Eds.), Materials Characterization by Dynamic and Modulated Thermal 
Analytical Techniques, ASTM STP 1402. American Society for Testing Materials, West 
Conshohocken, PA, pp. 115–128. 
Blaine, R.L., Hahn, B.K., 1998. Obtaining kinetic parameters by modulated thermogravimetry. J. 
Therm. Anal. 54, 695–704. 
Brown, M.E., Maciejewski, M., Vyazovkin, S. V., Nomen, R., Sempere, J., Burnham, A., 
Opfermann, J., Strey, R., Anderson, H.L., Kemmler, A., Keuleers, R., Janssens, J., Desseyn, 
H.O., Li, C.-R., Tang, T.B., Roduit, B., Malek, J., Mitsuhashi, T., 2000. Computational 
aspects of kinetic analysis Part A: The ICTAC kinetics project-data, methods and results. 
Thermochim. Acta 355, 125–143. doi:10.1016/S0040-6031(00)00443-3 
Brown, M.E., Phillpots, C.A.R., 1978. Non-isothermal kinetics. J. Chem. Educ. 55, 556–560. 
Chen, W., Moon, I.K., Wunderlich, B., 2000. Study of crystallization kinetics by temperature-
modulated DSC. Polymer (Guildf). 41, 4119–4125. doi:10.1016/S0032-3861(99)00621-7 
Chen, W.Y., Wang, Y.Z., Kuo, S.W., Huang, C.F., Tung, P.H., Chang, F.C., 2004. Thermal and 
dielectric properties and curing kinetics of nanomaterials formed from poss-epoxy and 
meta-phenylenediamine. Polymer (Guildf). 45, 6897–6908. 
doi:10.1016/j.polymer.2004.07.070 
Coats, A.W., Redfern, J.P., 1963. Thermogravimetric Analysis: A Review. Analyst 88, 906–924. 
Danley, R.L., 2003. New modulated DSC measurement technique. Thermochim. Acta 402, 91–
98. 
Duswalt, A.A., 1974. The practice of obtaining kinetic data by differential scanning calorimetry. 
Thermochim. Acta 8, 57–68. 
Fava, R.A., 1968. Differential scanning calorimetry of epoxy resins. Polymer (Guildf). 9, 137–
151. doi:10.1016/0032-3861(68)90024-4 
Flynn, J.H., 1988. Thermal analysis kinetics-problems, pitfalls and how to deal with them. J. 
Therm. Anal. 34, 367–381. doi:10.1007/BF01913405 
Flynn, J.H., 1985. Differential Techniques for the Kinetic Analysis of DSC Data. Thermochim. 
Acta 92, 153–156. 




Independent and competitive reactions. Thermochim. Acta 37, 225–238. doi:10.1016/0040-
6031(80)80043-8 
Galwey, A.K., 1994. Thermal reactions of selected solids including reactants that melt during 
chemical change. J. Therm. Anal. 41, 267–286. doi:10.1007/BF02549315 
Galwey, A.K., Sheen, D.B., Sherwood, J.N., 2001. Should the melting of ice be represented as a 
solid state reaction? Thermochim. Acta 375, 161–167. doi:10.1016/S0040-6031(01)00523-8 
Gamlin, C.D., Dutta, N.K., Choudhury, N.R., Kehoe, D., Matisons, J., 2002. Evaluation of 
kinetic parameters of thermal and oxidative decomposition of base oils by conventional, 
isothermal and modulated TGA, and pressure DSC. Thermochim. Acta 392–393, 357–369. 
doi:10.1016/S0040-6031(02)00121-1 
Kasyap, S., Patel, A.T., Pratap, A., 2014. Crystallization kinetics of Ti20Zr20Cu60 metallic glass 
by isoconversional methods using modulated differential scanning calorimetry. J. Therm. 
Anal. Calorim. 116, 1325–1336. doi:10.1007/s10973-014-3753-z 
Lai, V.M.F., Lii, C.Y., 1999. Effects of modulated differential scanning calorimetry (MDSC) 
variables on thermodynamic and kinetic characteristics during gelatinization of waxy rice 
starch. Cereal Chem. 76, 519–525. 
Lázaro, M.-J., Moliner, R., Suelves, I., 1998. Non-isothermal versus isothermal technique to 
evaluate kinetic parameters of coal pyrolysis. J. Anal. Appl. Pyrolysis 47, 111–125. 
doi:http://dx.doi.org/10.1016/S0165-2370(98)00083-7 
Lee, J.W., Thomas, L.C., Jerrell, J., Feng, H., Cadwallader, K.R., Schmidt, S.J., 2011a. 
Investigation of thermal decomposition as the kinetic process that causes the loss of 
crystalline structure in sucrose using a chemical analysis approach (Part II). J. Agric. Food 
Chem. 59, 702–712. doi:10.1021/jf104235d 
Lee, J.W., Thomas, L.C., Schmidt, S.J., 2011b. Kinetics of apparent melting for sucrose, glucose, 
and fructose, in: 2011 IFT Annual Meeting. New Orleans, LA. 
Lee, J.W., Thomas, L.C., Schmidt, S.J., 2011c. Investigation of the heating rate dependency 
associated with the loss of crystalline structure in sucrose, glucose, and fructose using a 
thermal analysis approach (Part I). J. Agric. Food Chem. 59, 684–701. 
doi:10.1021/jf1042344 
Lee, J.W., Thomas, L.C., Schmidt, S.J., 2011d. Can the thermodynamic melting temperature of 
sucrose, glucose, and fructose be measured using rapid-scanning differential scanning 
calorimetry (DSC)? J. Agric. Food Chem. 59, 3306–3310. doi:10.1021/jf104852u 
Lu, Y., Thomas, L., Schmidt, S., 2017a. Differences in the thermal behavior of beet and cane 
sucrose sources. J. Food Eng. 201, 57–70. doi:10.1016/j.jfoodeng.2017.01.005 
Lu, Y., Yin, L., Gray, D.L., Thomas, L.C., Schmidt, S.J., 2017b. Impact of sucrose crystal 
composition and chemistry on its thermal behavior. J. Food Eng. 214, 193–208. 
doi:10.1016/j.jfoodeng.2017.06.016 
Miller, J.M., Kale, U.J., Lau, S.-M.K., Greene, L., Wang, H.Y., 2004. Rapid estimation of 




thermogravimetric analysis. J. Pharm. Biomed. Anal. 35, 65–73. 
doi:http://dx.doi.org/10.1016/j.jpba.2004.01.007 
Miranda, M.I.G., Bica, C.I.D., Nachtigall, S.M.B., Rehman, N., Rosa, S.M.L., 2013. Kinetical 
thermal degradation study of maize straw and soybean hull celluloses by simultaneous 
DSC-TGA and MDSC techniques. Thermochim. Acta 565, 65–71. 
doi:10.1016/j.tca.2013.04.012 
Ozawa, T., 1976. Some demonstrations of the effect of the heating rate on thermoanalytical 
curves. J. Therm. Anal. 9, 217–227. doi:10.1007/BF01909384 
Ozawa, T., 1970. Kinetic analysis of derivative curves in thermal analysis. J. Therm. Anal. 2, 
301–324. 
Pratap, A., Sharma, K., 2012. Applications of some thermo-analytical techniques to glasses and 
polymers. J. Therm. Anal. Calorim. 107, 171–182. doi:10.1007/s10973-011-1816-y 
Reiser, P., Birch, G.G., Mathlouthi, M., 1995. Physical properties, in: Sucrose: Properties and 
Applications. pp. 186–222. 
Roduit, B., 2000. Computational aspects of kinetic analysis. Part E. Thermochim. Acta 355, 
171–180. doi:10.1016/S0040-6031(00)00447-0 
Salla, J.M., Ramis, X., Morancho, J.M., Cadenato, A., 2002. Isoconversional kinetic analysis of a 
carboxyl terminated polyester resin crosslinked with triglycidyl isocyanurate (TGIC) used 
in powder coatings from experimental results obtained by DSC and TMDSC. Thermochim. 
Acta 388, 355–370. doi:10.1016/S0040-6031(02)00036-9 
Sbirrazzuoli, N., Vyazovkin, S., Mititelu, A., Sladic, C., Vincent, L., 2003. A Study of Epoxy-
Amine Cure Kinetics by Combining Isoconversional Analysis with Temperature Modulated 
DSC and Dynamic Rheometry. Macromol. Chem. Phys. 204, 1815–1821. 
doi:10.1002/macp.200350051 
Schmidt, S.J., Thomas, L.C., Lee, J.W., 2012. Response to comment on the melting and 
decomposition of sugars. J. Agric. Food Chem. 60, 10363–10371. doi:10.1021/jf3002526 
Thomas, L.C., 2006. Modulated DSC Technology. TA Instruments. 
Thomas, L.C., Schmidt, S.J., 2017. Thermal Analysis, in: Nielsen, S.S. (Ed.), Food Analysis. 
Springer International Publishing, pp. 529–544. doi:10.1038/1841347a0 
Toda, A., Oda, T., Hikosaka, M., Saruyama, Y., 1997. A new method of analysing 
transformation kinetics with temperature modulated differential scanning calorimetry: 
Application to polymer crystal growth. Polymer (Guildf). 38, 231–233. doi:10.1016/S0032-
3861(96)00627-1 
Toda, A., Tomita, C., Hikosaka, M., 1998. Temperature modulated d . s . c , study of poly ( 
ethylene terephthalate ) crystallization : 2 . Applicability to non-isothermal process 39, 
1439–1443. 
Vyazovkin, S. V., 2000. Concept of variable activation energy (Why it just can’t stay put?). Proc. 




Vyazovkin, S. V., Burnham, A.K., Criado, J.M., Perez-Maqueda, L.A., Popescu, C., 
Sbirrazzuoli, N., 2011. ICTAC Kinetics Committee recommendations for performing 
kinetic computations on thermal analysis data. Thermochim. Acta 520, 1–19. 
doi:10.1016/j.tca.2011.03.034 
Vyazovkin, S. V., Chrissafis, K., Di Lorenzo, M.L., Koga, N., Pijolat, M., Roduit, B., 
Sbirrazzuoli, N., Suñol, J.J., 2014. ICTAC Kinetics Committee recommendations for 
collecting experimental thermal analysis data for kinetic computations. Thermochim. Acta 
590, 1–23. doi:10.1016/j.tca.2014.05.036 
Vyazovkin, S. V., Wight, C.A., 1997. Isothermal and Nonisothermal Reaction Kinetics in Solids: 
In Search of Ways toward Consensus. J Phys Chem A 101, 8279–8284. 
Wagner, T., Dale, G., Ewen, P.J.S., Owen, A.E., Perina, V., Wagner, T., 2000. Kinetics of the 
thermally and photoinduced solid state reaction of Ag with Kinetics of the thermally and 
photoinduced solid state reaction of Ag with As 33 S 67 films 7758. 
Wunderlich, B., 2005. Basics of Thermal Analysis, in: Thermal Analysis of Polymeric Materials. 






Chapter 9:  Application of a modified form of the Gordon-Taylor equation to predict the 
glass transition temperature of thermally decomposed amorphous sucrose 
9.1 Abstract 
 Amorphous sucrose is an important ingredient in many food products, however, 
amorphous materials are less stable than crystalline materials. The glass transition temperature 
(Tg) is one of the most important indicators of stability, as below the Tg amorphous materials are 
in a metastable glassy state. In the case of melt quenched amorphous sucrose, the Tg is dependent 
on the heating conditions used for amorphization, as sucrose undergoes thermal decomposition 
prior to and concomitantly with melting. To better understand the changes that occur during 
amorphization of melt quenched sucrose at different heating rates, the heating rate dependence of 
the Tg was determined and the prediction power of modified forms of the Gordon-Taylor 
equation for ternary and quaternary systems was assessed. The Tg of sucrose was found to be 
lowest at low heating rates (0.5 and 1°C/min) and increase to a maximum at a heating rate of 
17.5°C/min, after which it decreased due to the high final temperatures required for complete 
loss of crystalline structure to occur in DSC experiments at higher heating rates. In order to apply 
the Gordon-Taylor equation, the Tg of HMF and 1-kestose were determined, and were found to 
be -75.56 ± 0.61 and 25.36 ± 0.83°C, respectively. The modified Gordon-Taylor equation did not 
describe the experimentally determined Tg at all tested heating rates under any of the examined 
conditions, and possible improvements to the method are described. Although the Gordon-Taylor 
equation could not be applied, the effect of thermal decomposition on the Tg of melt quenched 
amorphous sucrose at different heating rates is outlined and emphasizes the effect of heating 





 Amorphous sugars are important ingredients in many food products, such as spray dried 
flavors, boiled sweets (hard candies), and infant formula, and in pharmaceuticals as excipients in 
tablets (Mathlouthi, 1995; Roos, 2010; White and Cakebread, 1966; Yu, 2001). They provide 
several advantages over crystalline sugars in products, including a higher dissolution rate and the 
ability to encapsulate other compounds (Roos, 2010; Yu, 2001). Although they provide these 
advantages, amorphous sugars are less stable than in the crystalline state and can undergo heat 
and moisture induced changes, leading to stickiness, caking, collapse, and recrystallization of the 
material (Mathlouthi, 1995; Yu, 2001). These changes can alter the texture and functionality of 
products containing amorphous ingredients, reducing their shelf life and leading to economic 
losses. 
 One of the most important indicators of stability is the glass transition temperature (Tg), 
which is the range of temperatures over which a material transitions between the solid 
amorphous state (glassy) and the supercooled liquid state (rubbery). The glassy state is 
metastable due to limited molecular mobility, which limits the rate of chemical reactions and 
physical changes. However, as temperature increases and the material becomes rubbery across 
the glass transition, the molecular mobility increases, which can increase the rate of chemical 
reactions and physical changes, reducing the stability of the material (Hartel et al., 2011). Since 
the glassy state is metastable, the Tg can be used to gauge stability under specific conditions. It is 
important to note that conditions other than temperature, such as moisture content, also influence 
the Tg (Hartel et al., 2011; Roos, 1995), so reported Tg are specific to the conditions under which 
they were collected. Additionally, since the Tg occurs over a range of temperatures and has some 




and parameters used to obtain the Tg values should be reported to allow for accurate comparisons 
(Schmidt, 2004). Unless otherwise specified, Tg values discussed herein are Tg midpoint values. 
 Tg values reported in the literature for melt quenched sucrose are summarized in Table 
9.1. These values range from 57 to 72°C for samples that did not undergo extensive heating 
beyond loss of crystalline structure prior to melt quenching. These differences have been 
attributed to the presence of residual water, sample handling techniques, Tg measurement 
techniques, Tg analysis conditions and methods (Abiad et al., 2009; Roos, 2010, 1995), and 
heating conditions used to form the amorphous sucrose (Jiang et al., 2008a, 2008b; Lee et al., 
2011b; Vanhal and Blond, 1999). Since the present study is examining the effect of heating rate 
used to form melt quenched amorphous sucrose on the Tg, the effect of heating conditions will be 
the focus herein. 
 Vanhal and Blond (1999) reported that the Tg of melt quenched amorphous sucrose 
depends on the heating conditions used in its creation. As illustrated in Figure 9.1, when heated 
at 10°C/min to increasing final heating temperatures, sucrose’s Tg decreases as the final heating 
temperature increases from 190 to 215°C/min and decreases as the final heating temperature 
increases from 220 to 240°C. Additionally, it has been demonstrated that the Tg of melt 
quenched amorphous sucrose created at low heating rates is lower than the Tg of melt quenched 
amorphous sucrose created at high heating rates (Lee et al., 2011b; Vanhal and Blond, 1999), 
with Lee et al. (2011b) reporting an increase in the Tg of melt quenched sucrose with increasing 
heating rate when examining heating rates of 1, 10, and 25°C/min, where the final heating 
temperature (Tf) was determined based on the end temperature (Tend) of the peak representing 
loss of crystalline structure. Vanhal and Blond (1999) observed an increase in the Tg with 




Blond (1999) used the same Tf (200°C) at all heating rates, which does not ensure complete loss 
of crystalline structure at higher heating rates. Holding sucrose for longer times at higher 
temperatures also causes the Tg to decrease (Jiang et al., 2008b).  
 The change in the Tg of sucrose under different heating conditions has been attributed to 
the formation of decomposition products on heating (Jiang et al., 2008b; Lee et al., 2011b; 
Vanhal and Blond, 1999). Sucrose begins to thermally decompose prior to and concomitantly 
with melting (Lee et al., 2011c; Lu et al., 2017a), so amorphizing sucrose via melt quenching 
will lead to the formation of decomposition products. Small molecules, such as glucose and 
fructose, form early in thermal decomposition (Clarke et al., 1997; Hirschmuller, 1953; Mauch, 
1971; Quintas et al., 2007; Richards and Shafizadeh, 1978; Richards, 1986; Šimkovic et al., 
2003), lowering the Tg, as they act as plasticizers (Jiang et al., 2008b; Lee et al., 2011b; Vanhal 
and Blond, 1999). When sucrose is heated to higher temperatures or for longer times, later stages 
of thermal decomposition can occur resulting in polymerization to form larger oligosaccharides 
(Defaye and Fernandez, 1994; Defaye and Garcia Fernandez, 1995; Manley-Harris and Richards, 
1994; Ratsimba et al., 1999), increasing the Tg, as they act as antiplasticizers (Jiang et al., 2008b; 
Vanhal and Blond, 1999). 
 The change in the Tg of sucrose under different heating conditions was modeled by Jiang 
et al. (2008a). The researchers developed models to predict the Tg in both the early, where Tg 
decreases, and late, where Tg increases, stages of thermal decomposition. Two models were 
developed for each stage, one based on HPLC and UV-visible spectroscopy (UV-vis) data, and 
the other using only UV-vis data, rather than applying an equation, such as the Gordon-Taylor 




could accurately predict the Tg of sucrose across a range of heating conditions, the model based 
on both HPLC and UV-vis data provided better results. 
 While some work has been done examining the effect of heating rate on Tg, a limited 
number of heating rates have been examined and directly compared (Lee et al., 2011b; Vanhal 
and Blond, 1999). Herein, the effect of heating rate on the Tg of sucrose will be expanded to 
cover a larger range of heating rates. Additionally, the contribution of thermal decomposition 
products on the Tg of amorphous sucrose has not been directly explored. To determine the impact 
of different compounds on the Tg of amorphous sucrose, tertiary and quaternary forms of the 
Gordon-Taylor equation will be applied to determine if they can accurately predict the Tg of melt 
quench amorphous sucrose based on HPLC data. Since thermal decomposition is a complicated 
reaction, the model may not be completely accurate, but should allow for the effect of different 
decomposition components on the Tg to be ascertained. 
9.3 Materials and Methods 
9.3.1 Materials 
 Analytical grade cane sucrose (S0389, Sigma-Aldrich Corp., St. Louis, MO, USA, lot 
SLBR5401V) was used for all experiments, and herein will be referred to as Sigma cane. 
Between experiments it was stored in its original packaging and sealed with parafilm. HPLC 
water (Macron Fine Chemicals, Central Valley, PA, USA, batch 0000122048) was used as a 
solvent for HPLC experiments. Additionally, since the Tg of HMF or 1-kestose were not found in 
the literature, the Tg of HMF (W501808, Sigma-Aldrich Corp., St. Louis, MO, USA, lot 
MKBJ8116V) and 1-kestose (72555, Sigma-Aldrich Corp., St. Louis, MO, USA, lot BCBT1017) 
were also determined. Both HMF and 1-kestose were stored at 2°C in their original packaging 




9.3.2 Thermal Analysis 
 DSC experiments examining sucrose and HMF were carried out using approximately 10 
mg of each sample, while those examining 1-kestose were carried out using approximately 6 mg 
of sample due to the high cost of 1-kestose. Samples were placed in a Tzero pan (TA 
Instruments, New Castle, DE, USA), which was sealed with a Tzero aluminum hermetic lid (TA 
Instruments). All samples were then analyzed using a Q2000 DSC (TA Instruments) equipped 
with an autosampler (TA Instruments) and refrigerated cooling unit (RCS 90). DSC experimental 
parameters for each material are outlined in the following sections. 
9.3.2.1 Sucrose 
 Since thermal decomposition occurs prior to and concomitantly with loss of crystalline 
structure in sucrose (Lee et al., 2011a, 2011c), the location of the endothermic peak related to 
loss of crystalline structure increases with increasing heating rates, leading to an increase in the 
end temperature of loss of crystalline structure (Tend). Therefore, to prepare melt quenched 
amorphous sucrose at different heating rates, while maintaining similar heating conditions, the 
final heating temperature (Tf) at each heating rate was determined based on Tend to ensure 
complete loss of crystalline structure before quench cooling. To obtain Tf, the average Tend at 
each heating rate was determined using the TA Universal Analysis software (TA Instruments), a 
process that was performed in triplicate. Then, Tf was calculated by adding two standard 
deviations to the average Tend to account for sample to sample variations and ensure complete 
loss of crystalline structure for all replicates (Lee et al., 2011b). 
 Sigma cane sucrose was heated at 0.5, 1, 2.5, 5, 10, 17.5, 25, 37.5, or 50°C/min to the Tf 




quench cool the sample and reheated at 20°C/min to 100°C to measure the glass transition 
parameters. Six samples were analyzed at each heating rate. 
 To prepare sucrose samples for HPLC, four samples at each heating rate of interest (1, 
10, and 25°C/min) were heated to the Tf reported in Table 9.2 and then equilibrated to 25°C. 
Samples were prepared for HPLC as outlined in Section 8.3.3. 
9.3.2.2 HMF 
 Modulated DSC (MDSC) was used to resolve the Tg of HMF. Samples were equilibrated 
at 25°C, cooled at 5°C/min to -82°C, where the sample was held isothermally for 30 minutes. 
After holding the sample at -82°C, a modulated heating rate with an amplitude of 0.2°C and 
period of 80 seconds was applied and the sample was then heated at 0.2°C/min to -50°C, after 
which the sample was heated at 10°C/min to 45°C. The sample was heated to 45°C to ensure 
complete melting. This step was done at a higher heating rate to reduce experimental time. After 
reaching 45°C, the sample was cooled at 5°C/min to -82°C and the procedure was repeated. The 
Tg parameters were determined from the reversing heat flow signal from the second heating step. 
Samples were analyzed in triplicate to determine the Tg of HMF. 
9.3.2.3 1-kestose 
 Samples were equilibrated at 230°C to melt the 1-kestose then equilibrated to -20°C to 
quench cool the material. The samples were then heated at 10°C/min to 120°C to measure the Tg 
parameters. Samples were analyzed in triplicate to determine the Tg of 1-kestose. 
9.3.3 HPLC 
 Samples were prepared for HPLC by removing the lid from the DSC pan in which the 
sucrose samples were prepared and dissolving the sucrose by placing the DSC pans in HPLC 




HPLC water per DSC pan to yield a sample concentration of approximately 10 mg/mL. 5 μL of 
sample was injected into an HPLC with a BioRad HPX-87C column (Bio-Rad, Hercules, CA, 
USA, 300 x 7.8mm column) at 85°C with a de-ashing guard maintained at room temperature. 
The mobile phase was deionized water with a flow rate of 0.5 mL/min. Compounds were 
detected with an RID detector at 40°C with a 1.5 second response. HMF was analyzed using a 
UV detector at 280 nm, in an HPLC equipped with a Waters Symmetry C18 column (Waters 
Corporation, Milford, MA, USA,  150 x 3.0 mm column with 5 micron particles) at 45°C using a 
water and acetonitrile gradient with a flow rate of 0.5 mL/min. Four samples from each heating 
rate were analyzed. 
9.4 Theory 
 Several methods exist to predict the Tg of a system based on its composition (Roos, 1995; 
Truong et al., 2002). Of these methods, the Couchman-Karasz and Gordon-Taylor equations are 
the most commonly used in the literature (Katkov and Levine, 2004; Mayhew et al., 2017; 
Orford et al., 1990; Roos, 1993; Roos and Karel, 1991; Ruiz-Cabrera and Schmidt, 2015; Truong 





The modified Couchman-Karasz equation (Equation 9.1) (Couchman and Karasz, 1978; ten 
Brinke et al., 1983) was developed based on classical thermodynamic theory and relates the heat 
capacity changes (ΔCp) of the components (designated by subscripts 1 and 2, where 2 is the 
plasticizer) to the Tg, with their effect on the Tg proportional to their weight fraction (χ). This 









The Gordon-Taylor equation (Equation 9.2) (Gordon and Taylor, 1952) was originally developed 
to predict the Tg of polymer blends and was based on ideal volume mixing and the expansion 
coefficient. In this case, the effect of the different components is governed by K, a constant 
related to the coefficient of expansion of each component as they undergo the glass transition. K 
is generally experimentally determined, but can be estimated using the Simha-Boyer rule 





where the densities (ρ) and Tg values of the materials are related to obtain K. Both the 
Couchman-Karasz and Gordon-Taylor equation were designed for ideal systems, which can lead 
to deviations when attempting to predict the behavior of non-ideal systems (Katkov and Levine, 
2004; Truong et al., 2002). 
 To improve the Gordon-Taylor equation’s predictive power for non-ideal systems, 
Truong et al. (2002) introduced interaction factors to describe the mixing of multicomponent 
systems, which compare the Tg values of binary systems. Additionally, they extended the model 
to describe ternary systems. These interactions are simplified by assuming that third-order 
interactions between components are negligible, allowing the contribution of each component to 





(1 − χ3)𝑇𝑔2 + 𝐾23χ3𝑇𝑔3
(1 − χ3) + 𝐾23χ3
+ 𝛼
(1 − χ3)𝑇𝑔1 + 𝐾13χ3𝑇𝑔3
(1 − χ3) + 𝐾13χ3
] (9.4) 
where 1, 2, and 3 are the components of the system from highest to lowest Tg, K is the 
coefficient of the Gordon-Taylor equation, and α is a coefficient describing the relationship 










The model considers the interaction of each non-plasticizing component (1 and 2) with the 
plasticizer (3), with α accounting for the interactions of the non-plasticizing components. It was 
experimentally verified by Truong et al. (2002) for a system containing sucrose, glucose, and 
fructose. 
 In addition to describing and experimentally verifying the model to predict the Tg of a 
ternary system, Truong et al. (2002) also proposed a model for quaternary systems based on the 
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1 − χ4 + 𝐾34χ4
+ 𝛼2
(1 − χ4)𝑇𝑔2 + 𝐾24χ4𝑇𝑔4






(1 − χ4)𝑇𝑔3 + 𝐾34χ4𝑇𝑔4
1 − χ4 + 𝐾34χ4
+ 𝛼3
(1 − χ4)𝑇𝑔1 + 𝐾14χ4𝑇𝑔4

























account for the interactions between the non-plasticizing components (1, 2, and 3) while 
Equation 9.6 describes the interactions between the plasticizer (4) and the non-plasticizing 
components of the system. The authors of the present study are unaware of attempts to 
experimentally verify the modified Gordon-Taylor equation for quaternary systems. 
 To utilize the modified forms of the Gordon-Taylor equation for ternary and quaternary 
systems to attempt to predict the Tg of melt quenched amorphous sucrose, a subset of the many 
products of thermal decomposition must be selected to model the behavior. The selection of 
thermal decomposition products used to predict the Tg was based on the mechanism of sucrose 




decomposition begins with the hydrolysis of the glycosidic linkage (Clarke et al., 1997; 
Hirschmuller, 1953; Mauch, 1971; Quintas et al., 2007; Richards and Shafizadeh, 1978; 
Richards, 1986; Šimkovic et al., 2003) to yield a glucose anion and fructocarbocation (Clarke et 
al., 1997; Richards, 1986). Hydrolysis of sucrose is catalyzed by hydrogen atoms (Kelly and 
Brown, 1978), which can be derived from the dissociation of water at high temperatures, from 
sucrose itself, and from acidic reaction products (Clarke et al., 1997; Poncini, 1980; Richards, 
1986). The glucose anion then reacts with a hydrogen ion to form glucose, while the 
fructocarbocation can participate in several reactions, including loss of a hydrogen ion to form 
anhydrofructose,  non-specific degradation to 5-hydroxymethylfurfural (HMF), addition of a 
hydroxide ion to form fructose, or react with sucrose to form trisaccharides or other 
oligosaccharides (Richards and Shafizadeh, 1978; Richards, 1986). The multitude of 
decomposition pathways for fructose explains the higher concentrations of glucose than fructose 
observed in early stages of the reaction (Mauch, 1971; Richards and Shafizadeh, 1978) and the 
earlier appearance of glucose on heating (Lee et al., 2011a; Lu et al., 2017b). The non-specific 
degradation of fructose also yields organic acids, which can lower the pH of the reaction system, 
leading to autocatalysis (Eggleston and Vercellotti, 2000; Lowary and Richards, 1988).  
 In addition to hydrolysis, sucrose can also dehydrate to form anhydrous sucrose or 
isomerize, although both are minor reactions (Šimkovic et al., 2003). Further steps of the 
reaction yield oligosaccharides and anhydrosaccharides (Defaye and Fernandez, 1994; Defaye 
and Garcia Fernandez, 1995; Manley-Harris and Richards, 1994; Ratsimba et al., 1999) and 
volatile products (Kroh, 1994). However, these will not be explored herein, as they are not 
products of early stages of the reaction, requiring lower pH values, or longer times to form, 




 Since the melt quench process only heats the sucrose to the end temperature of loss of 
crystalline structure, thermal decomposition should be limited to early stages of the reaction, 
limiting the number of different products that can form. Therefore, the compounds that will be 
examined herein are sucrose, glucose, fructose, 1-kestose, and HMF. Sucrose is an obvious 
choice, as melt quenched glasses are still primarily sucrose. Glucose and fructose are the two 
most common products of hydrolysis and form in large amounts early in the reaction. 1-kestose 
was chosen to represent the large molecules that can form if the fructocarbocation reacts directly 
with sucrose. Finally, HMF is a stable decomposition product and was chosen to represent small 
molecules that form during decomposition, which would likely act as plasticizers. Since the 
Gordon-Taylor equation has been modified to describe ternary and quaternary systems, but not 
developed for higher order mixtures, the following models will be compared to the 
experimentally determined Tg values: 1) a ternary system of sucrose, glucose, and fructose; 2) a 
ternary system of sucrose, glucose, and 1-kestose, as 1-kestose can form earlier and in higher 
quantities than fructose; 3) a quaternary system of sucrose, glucose, fructose, and 1-kestose; and 
4) a quaternary system of sucrose, glucose, fructose, and HMF. The numbering of the models 
used here will be used to refer to each model throughout. The Tg, density, and K values used in 
these models are reported in Tables 9.3 and 9.4, respectively. 
9.5 Results and Discussion 
9.5.1 Sucrose Tg Heating Rate Dependence 
 Example DSC curves showing the glass transition of sucrose are displayed in Figure 9.3, 
and the heating rate dependence of the Tg of melt quenched sucrose is illustrated in Figure 9.4 for 
heating rates between 0.5 and 50°C/min. At low heating rates (0.5 and 1°C/min), the Tg is lower 




compared to 48.75±0.88°C at 10°C/min with a Tf of 201°C. The lower Tg has been attributed to 
the increased time that a sample is subjected to elevated temperatures, even though the Tf is 
lower than that used at higher heating rates (Lee et al., 2011b; Vanhal and Blond, 1999). As the 
heating rate increases, so does the Tg, as faster heating rates reduce the time that the material is 
subjected to elevated temperatures. The HPLC data in Table 9.5 highlights the different amounts 
of thermal decomposition that occur at 10 and 25°C/min compared to 1°C/min. The amount of 
sucrose remaining after heating at 1°C/min to 182°C is less than half of the amount remaining 
after heating samples at 10 and 25°C/min to 201 and 211°C, respectively. 
 The maximum Tg was observed when heating a sample at 17.5°C/min to 205°C 
(57.58±0.56°C), after which the Tg decreased, with a heating rate of 50°C/min to 217°C resulting 
in the lowest Tg observed above 17.5°C/min (44.89±0.78°C). The heating rate does not decrease 
to the same extent as is observed at lower heating rates, likely due to the shorter times at which 
the sucrose is subjected to elevated temperatures, even though the Tf increases. Since 17.5°C/min 
results in the maximum Tg, this appears to be an optimal heating condition to minimize thermal 
decomposition. At higher heating rates, the increased Tf required for complete loss of crystalline 
structure to occur is high enough that the rate of thermal decomposition is increased, limiting the 
advantage of higher heating rates. 
 The Tg values reported herein are lower than those reported by Lee et al. (2011b) at 1, 10 
and 25°C/min, by Vanhal and Blond (1999) at 10°C/min, and by Morrow (2018) at 10, 25, and 
50°C/min. The reason for these differences is likely due to differences in the Tf used at each 
heating rate. All of the values reported in the literature were heated to lower Tf than were used 
herein, although we used the same method to determine Tend as Lee et al. (2011b) and Morrow 




compared to in previous work. Lee et al. (2011b) used 2.75mg samples, while Morrow (2018) 
used 5mg samples. In the present study, 10mg samples were used. To determine if sample mass 
was causing the different Tend, 5mg, 10mg, and 20mg samples were heated to 220°C at 10°C/min 
and the Tend determined, which was done in triplicate. The Tend and other DSC parameters are 
reported in Table 9.6 and the effect of sample mass on Tend is illustrated in Figure 9.5. The width 
of the peak increases with increasing sample mass, increasing the Tend due to thermal lag within 
the sample. Although the Tend increases, other parameters were not as significantly affected, 
although the Tmonset of the 5mg sample was significantly higher than that of the larger samples, 
although by less than 1°C. This difference could be due to the small number of replicates that 
were collected to compare Tend and may merit further investigation. 
 The differences in Tg values reported herein compared to those reported by Lee et al. 
(2011b) and Morrow (2018) were caused by differences in sample mass used in each study. 
These differences will not affect the use of the Gordon-Taylor equation, as it is based on 
chemical data, which will be collected using the same sample mass and heating conditions as 
were used to collect Tg. If the Gordon-Taylor can be applied to the data, it should apply to any 
given sample mass and heating conditions, provided the chemical data for the calculation is 
collected using the same conditions as the Tg data. The equation will be examined using a subset 
of the heating rates studied herein. 
9.5.2 Tg of HMF and 1-kestose 
 While the Tg parameters of sucrose, glucose, and fructose are well reported in the 
literature (Finegold et al., 1989; Green and Angell, 1989; Katkov and Levine, 2004; Lee et al., 
2011b; Levine and Slade, 1988; Orford et al., 1990; Roos and Karel, 1991; Ruiz-Cabrera and 




2001), those of other decomposition products, such as HMF and 1-kestose, do not appear to be 
reported. Therefore, Tg values were experimentally determined for these compounds in order to 
include them in higher order forms of the Gordon-Taylor equation to predict the Tg of melt 
quenched amorphous sucrose. The Tg parameters for HMF and 1-kestose are reported in Table 
9.7 and example DSC curves for each are included in Figures 9.5 and 9.6, respectively.  
 The Tg for HMF was found to be -75.56 ± 0.61°C and it had a ΔCp of 0.5917 ± 0.0258 
J/g. The low value for the Tg was expected, as HMF is a small, volatile molecule, and 
compounds with lower molecular weights are expected to have lower Tg values (Fox and Flory, 
1950; Roos, 1995). It is important to note that the Tg parameters for HMF were determined from 
the reversing heat capacity curve from an MDSC experiment. The Tg is therefore slightly higher 
than would be recorded from the total heat flow curve due to the frequency effect of MDSC 
(Thomas, 2006). MDSC was needed to resolve the glass transition of HMF because it is a weak 
transition and occurs at the low end of the temperature range at which a DSC equipped with an 
RCS-90 cooling system can operate. 
 The Tg of 1-kestose was found to be 25.36 ± 0.83°C and it had a ΔCp of 0.5646 ± 0.0095 
J/g. This Tg value was lower than expected, as it is lower than literature reported values for 
sucrose, which range between 57 and 70°C (Table 9.1). Since 1-kestose has a larger molecular 
weight than sucrose, it was expected to have a higher Tg value than sucrose (Fox and Flory, 
1950; Roos, 1995). The kestose used herein was greater than 99.5% pure (Appendix H), so it is 
unlikely that impurities are lowering the Tg. The moisture content of the material was not 
measured, so it is possible water in the sample is acting as a plasticizer. It is also possible that 1-
kestose, being a heat sensitive material (label suggests a recommended storage temperature of 2-




produce amorphous 1-kestose, lowering its Tg value. This difference may merit future 
investigation. 
9.5.3 Application of the Gordon-Taylor Equation 
 Modified forms of the Gordon-Taylor equation for ternary and quaternary systems were 
applied to predict the Tg of melt quenched amorphous sucrose. Since the model has not been 
previously used to describe melt quenched amorphous sucrose, which is a complicated system 
due to the multitude of products that can form during the thermal decomposition reaction, only 
three of the heating rates studied herein were examined. These heating rates were chosen to 
represent different heating conditions, with 1°C/min chosen to represent low heating rates with 
larger amounts of decomposition, 10°C/min chosen to represent a faster heating rate with less 
thermal decomposition, and 25°C/min chosen to represent faster heating rates that require higher 
Tf for complete loss of crystalline structure. The amounts of sucrose, glucose, fructose, 1-
kestose, and HMF were obtained to attempt to predict the Tg using the following models: 1) 
ternary with sucrose, glucose, and fructose (Equation 9.4); 2) ternary with sucrose, glucose, and 
1-kestose (Equation 9.4); 3) quaternary with sucrose, glucose, fructose, and 1-kestose (Equation 
9.6); and 4) quaternary with sucrose, glucose, fructose, and HMF (Equation 9.6). These will be 
referred to throughout as models 1, 2, 3, and 4. The Tg values predicted by each model and the 
experimental values are summarized in Table 9.8 and visually compared in Figure 9.8. 
 In model 1, fructose was treated as the plasticizer, as it has the lowest Tg. From Table 9.8 
and Figure 9.8, the predicted Tg are significantly different from the experimental Tg at all heating 
rates (p ≤ 0.05), although the model follows the same pattern as the experimental data, with a 
lower predicted Tg at 1°C/min, and higher predicted values at 10 and 25°C/min. Since this model 




behavior were expected, as it does not account for plasiticization by small compounds such as 
HMF or the anti-plasticization of larger compounds such as 1-kestose. 
 Before attempting to predict the Tg of the system using quaternary models, the Tg was 
predicted using model 2, a ternary model where 1-kestose was included instead of fructose. This 
substitution was made because 1-kestose was observed previously (Chapter 5) and herein (Table 
9.5) in higher quantities than fructose during early stages of thermal decomposition (Chapter 5). 
In model 2, 1-kestose is treated as the plasticizer. The predicted Tg is significantly different from 
the experimental Tg at 1°C/min (p ≤ 0.05), but not significantly different at 10 and 25°C/min (p ≥ 
0.05). The better predictive ability of this model at higher heating rates may be due to the lower 
extent of decomposition that occurs, as the sucrose spends less time at elevated temperatures. 
Lower amounts of thermal decomposition result in less fructose and HMF formation, as reported 
in Table 9.5, leading to less plasticization, which is more accurately described by the higher Tg 
of kestose. 
 The first quaternary model to be examined (model 3) uses the amounts of sucrose, 
glucose, fructose, and 1-kestose to predict the Tg of the melt quenched amorphous sucrose, with 
fructose treated as the plasticizer. The predicted Tg from model 3 is significantly different than 
the experimental Tg at all heating rates (p ≤ 0.05). Additionally, the predicted Tg values do not 
have the same behavior as the experimental Tg values, with the predicted Tg decreasing with 
increasing heating rate. 
 The second quaternary model (model 4), uses HMF rather than kestose as the fourth 
component, and HMF acts as the plasticizer. The predicted Tg from model 4 does not 




at 10 and 25°C/min (p ≤ 0.05). Model 4 also displays the same behavior as model 3, with the 
predicted Tg decreasing as heating rate increases. 
 Based on the predicted Tg from each model tested herein, the modified forms of the 
Gordon-Taylor equation do not accurately predict the Tg of melt quenched amorphous sucrose 
under the examined conditions, as none of the models accurately predicted the Tg at all heating 
rates. However, several improvements could be made to the experimental design, which would 
likely improve the predictive ability of the Gordon-Taylor equation for melt quenched 
amorphous sucrose. Based on the results herein, ternary models provided better predictive ability 
than quaternary models, as the ternary models predicted increasing Tg with increasing heating 
rate, while the quaternary models predicted decreasing Tg with increasing heating rate.  
 The discrepancies between the ternary and quaternary models could be caused by 
inaccuracies in the K values used herein for interactions between 1-kestose or HMF and the other 
compounds studied. K values for sucrose, glucose, and fructose interactions were experimentally 
determined by Truong et al. (2002), while those for kestose or HMF interactions were calculated 
using the Simha-Boyer rule (1962) (Equation 9.3), using the Tg values and densities reported in 
Table 9.3. Experimentally determined K values are generally more accurate than calculated K 
values, which could contribute to the discrepancies in quaternary models (Truong et al., 2002). 
Additionally, the density values used were for the crystalline materials, and may not be accurate 
for the amorphous state. The quaternary models also appear to overcompensate for the effect of 
plasticization, as the predicted Tg values decrease with increasing heating rate, which could also 
be linked to discrepancies in the K values.  
 As can be seen in Table 9.5, the amounts of each of the thermal decomposition products 




Since sucrose thermal decomposition is a complicated reaction, other products are also forming, 
and affect the Tg of the resulting glass. It may be that not accounting for the entire fractional 
mass of the system prevents accurate determination of the Tg, or that other decomposition 
products would provide better predictive ability than those examined herein. Extending the 
modified Gordon-Taylor equation to describe higher order systems (such quinary systems) may 
provide better predictions by taking the effects of more components into account. Finally, since 
sucrose, glucose, and fructose can thermally decompose during melt quenching, it is difficult to 
obtain melt quench Tg values for these compounds. As such, it may be beneficial to 
experimentally determine the Tg of these compounds using conditions designed to minimize 
thermal decomposition (fast heating rates, low sample size). Future researchers could examine 
any of these factors to attempt to improve the predictive ability of the modified Gordon-Taylor 
equation. 
9.6 Conclusions 
 The heating rate dependence of the Tg of melt quenched amorphous sucrose was 
examined and it was found that the Tg is lowest at low heating rates, where the material is 
subjected to higher temperatures for a longer time, even though a lower Tend is used than at 
higher heating rates. The maximum Tg of 57.58±0.56°C was observed at a heating rate of 
17.5°C/min with a Tf of 205°C. At higher heating rates, the Tg decreased, likely due to the higher 
Tf that were required to cause complete loss of crystalline structure, although the decrease in Tg 
was not to the same extent as at low heating rates. There appears to be optimal heating rate and 
Tf conditions to minimize decomposition, where the heating rate is fast enough and the Tf low 




 After examining the heating rate dependence of the Tg of melt quenched amorphous 
sucrose, the ability of the modified Gordon-Taylor equation for ternary and quaternary systems 
to predict the Tg of melt quenched amorphous sucrose was examined. Four models based on the 
amounts of sucrose, glucose, fructose, 1-kestose, and HMF were tested, with two ternary and two 
quaternary models applied. Before this could be done, the Tg values of HMF and 1-kestose had 
to be experimentally determined so that they could be included in the models. After these Tg 
values were determined, the following four conditions were used to test the Gordon-Taylor 
equation: 1) ternary model with sucrose, glucose, and fructose; 2) ternary model with sucrose, 
glucose, and kestose; 3) quaternary model with sucrose, glucose, fructose, and kestose; and 4) 
quaternary model with sucrose, glucose, fructose, and HMF. The ternary models displayed better 
agreement with the experimental data at all heating rates, with model 2 predicted Tg values not 
significantly differing from experimentally determined Tg values at 10 and 25°C/min. However, 
none of the models matched the experimental behavior at all heating rates, suggesting 
improvements to the models are needed for the modified Gordon-Taylor equation to accurately 
predict the Tg of melt quenched amorphous sucrose. Although improvements are required to 
apply the modified Gordon-Taylor equation to predict the Tg of melt quenched amorphous 
sucrose, the effect of thermal decomposition on the Tg of the material is well outlined and 
emphasizes the importance of considering heating conditions when using melt quenched 
amorphous sucrose in a product, as the heating conditions can lead to different Tg values due to 










Table 9.1: Summary of some of the literature reported Tg values for melt quenched amorphous sucrose. Table is divided by the heating 
method used to form the sucrose, with the first group including samples that were melted to form the glass, the second group samples 
that were heated under non-isothermal conditions, and the third group samples that were heated under isothermal conditions.  
 
 
 Study Type 
Sucrose 
Source 
Glass Forming Conditions Tg (°C) 
Mathlouthi et al., 1986 Onset NRa Melt at 186-190°C 60 
Finegold et al., 1989 NR AGCb Melt on hot plate 57 
Orford et al., 1990 Midpoint NR Melt at 167°C 70 
Roos, 1993 Midpoint NR Heating above melting point 67 
Lee et al., 2011d Midpoint AGC 25°C/min to 206°C 68.35 
Saavedra-Leos et al., 2012 Midpoint AGC 20°C/min 68.41 





te Booy et al., 1992 NR AGC 10°C/min to 200°C 67 
Lee et al., 2011d Midpoint AGC 10°C/min to 196°C 69.83 
Vanhal and Blond, 1999 Midpoint AGC 10°C/min to 190°C 72.2 
Vanhal and Blond, 1999 Midpoint AGC 10°C/min to 190°C hold for 10 min 45.6 
Font et al., 1997 Midpoint NR 5°C/min 72 
Lee et al., 2011d Midpoint AGC 1°C/min to 184°C 37.45 
Lee et al., 2011d Midpoint AGC Hold at 120°C for 3014 min 39.59 
Lee et al., 2011d Midpoint AGC Hold at 132°C for 883 min 44.27 
Lee et al., 2011d Midpoint AGC Hold at 138°C for 510 min 42.21 
aNR = Not Reported. 




Table 9.2: Average Tend and the programmed final temperature (Tf) for each heating rate used to 
create melt quenched amorphous sucrose and the resultant Tg. Other Tg parameters are reported 






Tg, midpoint (°C) 
0.5 172.51 ± 0.30 174 26.62 ± 0.77 
1 180.26 ± 0.52 182 29.14 ± 1.49 
2.5 189.16 ± 0.25 190 41.69 ± 1.22 
5 192.47 ± 0.34 194 47.77 ± 1.09 
10 199.26 ± 0.44 201 48.75 ± 0.88 
17.5 204.53 ± 0.16 205 57.58 ± 0.56 
25 208.82 ± 0.64 211 49.26 ± 1.02 
37.5 213.05 ± 0.36 214 48.93 ± 0.79 
50 215.97 ± 0.39 217 44.89 ± 0.78 
 
Table 9.3: Tg values used to predict the Tg of melt quenched amorphous sucrose using modified 
forms of the Gordon-Taylor equation for ternary and quaternary systems. Tg values for sucrose, 
glucose, and fructose are the average of the values summarized by Katkov and Levine (2004) 
which were originally reported by Orford et al. (1990) and Roos (1993). Tg values for 1-kestose 
and HMF were determined herein and all Tg parameters are included in Table 9.7. Density values 
for sucrose, glucose, and fructose were reported in the CRC Handbook of Chemistry and Physics 
(2017), and those for HMF and 1-kestose were obtained from their safety data sheets. 
Compound Tg (°C) Density (g/cm3) 
Sucrose 65.85 1.58 
Glucose 34.35 1.56 
Fructose 5.85 1.60 
HMF -75.56 1.24 






Table 9.4: K values used in the modified forms of the Gordon-Taylor equation to predict the Tg 
of melt quenched amorphous sucrose. Values for interactions between sucrose, glucose, fructose 
were originally reported by Truong et al. (2002), while values for interactions of kestose or HMF 












Table 9.5: Summary of HPLC results for samples heated at 1, 10, and 25°C/min. These values 













1 0.11 ± 0.06 0.35 ± 0.03 0.06 ± 0.01 0.13 ± 0.02 0.0053 ± 0.0009 
10 0.48 ± 0.05 0.21 ± 0.01 0.031 ± 0.001 0.17 ± 0.01 0.0011 ± 0.0001 








Table 9.6: Summary of DSC thermal behavior parameters for different masses of sucrose examined at 10°C/min. A small difference is 
seen between the small peak Tmonset for 5 mg of sucrose compared to larger samples and the large peak Tp between for the 20mg 
sample compared to the smaller samples. The largest difference is in the Tend, with all sample sizes displaying significantly different 
values from each other, leading to wider peaks when more sample is examined in DSC, as illustrated in Figure 9.5. The difference in 
peak width and Tend explains the discrepancies in the Tg values reported herein and those collected by other researchers (Lee et al., 
2011b; Morrow, 2018). Means with the same superscript letter, within each column, are not significantly different (α = 0.05). 
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Table 9.7: Experimentally determined Tg parameters for HMF and 1-kestose. The values for 
HMF were determined from the MDSC reversing heat flow signal due to the low temperature at 
which the glass transition of HMF occurred, while the values for 1-kestose were determined 
from the SDSC heat flow signal. 
Compound Tg, onset (°C) Tg, midpoint (°C) Tg, endpoint (°C) ΔCp (J/g) 
HMF -78.02 ± 0.62 -75.56 ± 0.61 -73.12 ± 0.62 0.5917 ± 0.0258 
1-kestose 20.26 ± 0.94 25.36 ± 0.83 30.43 ± 0.76 0.5646 ± 0.0095 
 
Table 9.8: Comparison of experimentally determined Tg values to those predicted by each 
version of the modified Gordon-Taylor equation. Models 1 (sucrose, glucose, fructose) and 2 
(sucrose, glucose, 1-kestose) used the ternary form of the equation, while models 3 (sucrose, 
glucose, fructose, 1-kestose) and 4 (sucrose, glucose, fructose, HMF) used the quaternary form 
of the equation. None of the models accurately predicts the Tg at all heating rates, although 
model 2 is not significantly different from the experimental data at 10 and 25°C/min. Means with 
the same superscript letter, within each column, are not significantly different (α = 0.05). 
 Tg (°C) 
 1°C/min 10°C/min 25°C/min 
Experimental 29.14 ± 1.63c 48.75 ± 0.97b 49.26 ± 0.46b 
Model 1 35.57 ± 1.69b 51.71 ± 0.80a 54.25 ± 0.49a 
Model 2 36.72 ± 1.53b 47.07 ± 0.71b 49.67 ± 0.46b 
Model 3 47.37 ± 2.59a 26.92 ± 1.65c 21.66 ± 0.81c 








Figure 9.1: Illustration of the change in sucrose Tg based on final heating temperature when 
sucrose was heated at 10°C/min. The change in the width of the glass transition is also shown 









Figure 9.2: Mechanism of sucrose thermal decomposition in both the crystalline solid (solid arrow) and aqueous phase (dashed arrow) 





Figure 9.3: Example DSC curves showing the glass transition at each heating rate. Several of the 
curves display small enthalpic recovery peaks following the glass transition. Curves are 





Figure 9.4: Tg of sucrose when scanned at different heating rates to equivalent end temperatures 
in DSC. The Tg of sucrose initially increases with increasing heating rate until it reaches a 
maximum at a heating rate of 17.5°C/min, after which it begins to decrease with increasing 
heating rate. At low heating rates (0.5 or 1°C/min) the increased time at elevated temperatures 
causes more thermal decomposition, lowering the Tg, even though the maximum temperature in 
the experiment is lower than at higher heating rates. At high heating rates (50°C/min) the 
increased end temperature causes more thermal decomposition, lowering the Tg, even though the 




























Figure 9.5: The mass of the sample affects the Tend of the DSC curve, with increasing mass 
broadening the curve and increasing the Tend due to the larger sample mass increasing thermal 
lag in the material. The DSC thermal behavior parameters, Tend, and width of the peaks are 





Figure 9.6: MDSC curves of the glass transition of HMF. Due to the low temperature of the 
transition it is difficult to determine whether a glass transition is present based on the total heat 
flow signal, but the transition is clearly present in the reversing heat flow signal. The glass 
transition appears at a slightly higher temperature than the enthalpic relaxation noted in the 
nonreversing heat flow signal due to the frequency effect. The peak beginning at -66°C is the 
first of two cold crystallization events that HMF undergoes on heating. A DSC curve depicting 












Figure 9.8: Technical dot plot comparing the experimentally determined Tg values for melt 
quenched amorphous sucrose produced at heating rates of 1, 10, and 25°C/min to the Tg values 
predicted using modified forms of the Gordon-Taylor equation for ternary (models 1 and 2) and 
quaternary (models 3 and 4) systems. Models 1 and 2 are more accurate at 10 and 25°C/min than 
at 1°C/min, with the Tg predicted by model 2 not being significantly different than the 
experimental values at 10 and 25°C/min. Models 3 and 4, which were based on quaternary 
systems do not accurately predict the Tg of melt quenched amorphous sucrose, especially at 
higher heating rates. Statistical differences are summarized in Table 9.8. Model 1 uses sucrose, 
glucose, and fructose; model 2 uses sucrose, glucose, 1-kestose; model 3 uses sucrose, glucose, 
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Chapter 10:  Conclusions 
10.1 Research Summary 
 This research represents an example of the characterization and comparison of the 
thermal behavior of complicated materials through an examination of sucrose, a common food 
ingredient. Kinetic studies were performed to examine the differences in the thermal behavior of 
sucrose from different plant sources. The thermal decomposition of sucrose is a complicated 
process, as the reaction produces decomposition products, causes loss of crystalline structure, 
and, at high enough temperatures, can overlap with true melting. As such, the events that 
contribute to the thermal behavior of sucrose are difficult to separate, resulting in the use of a 
variety of kinetic methods to characterize the behavior of this system. An overview of the kinetic 
methods used in each chapter is given in Table 10.1. 
 Initially, nonisothermal kinetic methods, which are commonly used for the determination 
of kinetic information from thermally induced reactions in the solid state, were used to determine 
the kinetic parameters. Using a standard nonisothermal method across heating rates of 0.5 to 
50°C/min, it was found that while analytical and commercial cane sucrose do not display 
differences in their kinetic behavior, commercial beet sucrose exhibits a significantly higher 
activation energy (Ea), indicating it has a slower reaction rate, suggesting that thermal 
decomposition is inhibited (Chapter 3). It was also noted that melting overlaps with thermal 
decomposition in the large peak of all sucrose sources, although the overlap of melting, as 
indicated by an increase in slope of the large peak Arrhenius plots, became evident at different 
heating rates in each source. In addition to comparing the kinetic behavior of sucrose from 
different sources, the kinetic behavior of different lots of analytical grade sucrose was also 




of a material to accurately characterize the kinetic parameters. No differences in the kinetic 
behavior of the small peak of analytical grade sucrose were observed, suggesting that there is 
little lot-to-lot variation in analytical grade sucrose from the same manufacturer. 
 Isothermal studies at a single temperature (130°C) (Chapter 5) were then performed to 
assess the accuracy of the predicted kinetic behavior from the nonisothermal experiments carried 
out in Chapter 3. The nonisothermal kinetics did not accurately predict the behavior of sucrose 
when held at 130°C, likely due to the overlap of true melting with thermal decomposition in 
nonisothermal experiments, which does not occur under isothermal conditions at 130°C. While 
nonisothermal kinetic methods can be used to quickly obtain the kinetic parameters to compare 
the behavior of similar materials, they may not accurately describe the kinetic behavior of 
sucrose thermal decomposition. Additionally, nonisothermal methods are more useful to describe 
the kinetic behavior of cane sucrose than beet sucrose, as the small peak appears to be solely 
influenced by thermal decomposition, with no overlap due to true melting. Therefore, isothermal 
kinetic methods were used to obtain the kinetic parameters for sucrose thermal decomposition 
(Chapter 6). When examined isothermally, Sigma cane and US beet sucrose had lower Ea values 
after 2% of the reaction had occurred than US cane sucrose, although all displayed a decrease in 
Ea as the reaction proceeded, suggesting autocatalysis. 
 After determining the kinetic parameters using established methods for thermal analysis 
(Chapters 3, 4, and 6), novel methods utilizing the MDSC reversing heat capacity (RevCp) signal 
to determine the kinetic parameters under quasi-isothermal (Chapter 7) and nonisothermal 
(Chapter 8) conditions were examined. The RevCp signal was used because it monitors heat 
capacity and changes in heat capacity during a thermal event, allowing it to monitor loss of 




melting can overlap at high temperatures. Under quasi-isothermal conditions (Chapter 7), the 
half-life obtained from the RevCp signal at several temperatures could be used to obtain the 
kinetic parameters, as the obtained Ea values matched those from Chapter 6 at 50% α. Under 
nonisothermal conditions (Chapter 8), the RevCp signal could be used to obtain kinetic 
parameters, however, the obtained parameters were not equivalent to those from the total heat 
flow signal over the same heating rate range. The difference in the parameters was likely due to 
the onset temperature from the RevCp signal occurring at a higher extent of the reaction than the 
total heat flow signal, causing the RevCp signal to yield higher Ea values than the total heat flow 
signal. As such, the RevCp signal does not provide equivalent kinetic information to standard 
methods for kinetic analysis of nonisothermal DSC experiments. 
 Finally, the effect of the kinetics of thermal decomposition on the properties of the 
resultant amorphous sucrose were explored by examining the effect of heating rate on the glass 
transition temperature (Tg) of melt quenched amorphous sucrose (Chapter 9). The Tg was lowest 
at low heating rates, where the sucrose is subjected to elevated temperatures for an increased 
amount of time, and increased with increasing heating rate to 17.5°C/min. Above this heating 
rate, the Tg again decreased, as higher final temperatures were needed to cause complete loss of 
crystalline structure. In addition to examining the effect of heating rate on Tg, the predictive 
ability of modified forms of the Gordon-Taylor equation for ternary and quaternary systems was 
examined (Chapter 9). The ternary forms of the equation provided better predictive ability, 
although none of the studied conditions were accurate at all of the heating rates examined. 
Several modifications (given in Section 10.2) could be made to the examined conditions to 




10.2 Future Work 
 The examination of the kinetic behavior of sucrose thermal decomposition under several 
heating conditions was a significant contribution of this work. Standard nonisothermal methods 
provide a quick means of comparing the thermal behavior of sucrose from different sources and 
isothermal methods allow for the examination of the kinetic parameters throughout the reaction. 
However, only three sources of sucrose were examined herein, one analytical grade cane, one 
commercial cane, and one commercial beet. Expansion of this work to include sucrose sourced 
from several different manufacturers and countries for each plant source would ensure that the 
kinetic parameters determined herein are accurate for sucrose displaying larger differences in its 
composition and chemistry. The kinetic parameters could be quickly determined using 
nonisothermal methods for comparison, or using isothermal conditions to obtain more accurate 
values. For isothermal experiments, the use of the rate constant method described in Chapter 7 
could be used to reduce the difficulty of analysis, although it only describes the reaction at a 
single extent of the reaction. In addition to verifying the kinetics of sucrose using material from 
different manufacturers and countries, the use of the MDSC RevCp curve should be examined in 
other reactions that undergo loss of crystalline structure during the reaction to verify that it is an 
accurate method in several systems. 
 In Chapter 9, the effect of heating rate on the Tg of the resulting amorphous sucrose was 
examined, but not directly connected to the kinetics. It may be possible to develop a model to 
predict the Tg based on the kinetic parameters and heating conditions used to create the melt 
quench amorphous sucrose. This would allow greater predictive ability of the Tg, which is 
important to the stability of products. Additionally, several improvements could be made to the 




predict the Tg of melt quenched amorphous sucrose. These improvements could include the use 
of a higher order form of the equation, experimentally determining the K values for the system, 
or modelling the Tg behavior based on different thermal decomposition products than the five 






Table 10.1: Summary of kinetic methods used in each chapter. 
Chapter Heat Treatment Signal Used 




SDSC total heat 
flow 
Tmonset ASTM E698 
4 Nonisothermal 
SDSC total heat 
flow 







6 Isothermal (130-160°C) 











8 Nonisothermal MDSC RevCp Tmonset ASTM E698 






Appendix A:Particle size distributions for Sigma cane, US cane, and US beet sucrose 
 
Figure A.1: Example particle size distributions for a) Sigma cane (lot SLBJ3869V), b) US cane, 
and c) US beet sucrose. The average particle size and the particle size of each quartile for each 








Appendix B: Thermal behavior parameters for previously collected Sigma cane sucrose 
Table B.1: Thermal behavior parameters for all heating rates from Lot D in Chapter 4, which was originally used to calculate the 
kinetic parameters for Sigma cane sucrose by Lee et al. (2011). 




Tmonset (°C) Tp (°C) 
Enthalpy 
(J/g) 






1 133.40 ± 0.17 141.09 ± 0.14  6.71 ± 0.73 167.58 ± 0.49 174.95 ± 0.32 110.01 ± 5.55 116.72 ± 6.24 
2 138.83 ± 0.15 146.26 ± 0.27 7.61 ± 0.39 174.78 ± 1.06 180.08 ± 1.08 110.44 ± 1.99 118.07 ± 2.27 
5 146.28 ± 0.16 156.33 ± 0.31 6.32 ± 0.12 180.78 ± 0.67 188.16 ± 0.66 117.49 ± 1.26 123.80 ± 1.19 
10 151.86 ± 0.19 160.32 ± 0.33 9.13 ± 1.41 185.60 ± 0.38 190.37 ± 0.08 122.76 ± 1.85 131.90 ± 2.95 
25 157.96 ± 0.08 166.44 ± 0.89 11.97 ± 0.88 186.71 ± 0.31 191.52 ± 0.15 122.73 ± 1.87 134.71 ± 2.42 
50 164.39 ± 0.07 175.35 ± 0.57 10.88 ± 0.96 186.83 ± 0.23 192.66 ± 0.02 125.92 ± 1.64 136.79 ± 1.80 
65 166.87 ± 0.12 177.60 ± 0.42 11.84 ± 0.51 186.26 ± 0.14 192.68 ± 0.43 123.06 ± 1.39 134.91 ± 1.31 
75 168.53 ± 0.38 178.71 ± 0.44 9.92 ± 1.46 187.34 ± 0.64 193.99 ± 0.72 123.69 ± 1.80 133.61 ± 0.85 
85 169.55 ± 0.16 179.24 ± 0.57 9.79 ± 1.37 187.24 ± 0.53 194.13 ± 0.66 123.58 ± 1.96 133.34 ± 0.92 
100 171.33 ± 0.15 181.37 ± 0.50 11.14 ± 1.14 186.75 ± 0.92 194.33 ± 0.57 121.52 ± 1.79 132.67 ± 2.32 
 
References 









Appendix C: Thermal behavior parameters for several lots of Sigma sucrose obtained from DSC 
Table C.1: Tmonset, Tp, and ΔH values for the small peak of each lot of Sigma sucrose examined in Chapter 4. These values are 
summarized in Figures 4.1, 4.2, and 4.6. Means with the same superscript letter, within each column, are not significantly different (α 
= 0.05). NM = not measured. 
 Tmonset (°C) 
Lot 0.5°C/min 1°C/min 5°C/min 10°C/min 25°C/min 50°C/min 
A 127.91±2.59a 133.64±0.86a 145.52±0.34b 150.66±0.77b 158.36±0.63a 165.44±0.68a 
B 125.30±0.81b 129.92±0.99b 143.14±0.16d 147.86±0.22d 155.85±0.18c 162.72±0.37c 
C 125.86±0.78b 130.67±0.42b 143.67±0.15c 148.55±0.16c 156.46±0.30b 163.69±0.55b 
D NM 133.40±0.19a 146.28±0.18a 151.86±0.22a 157.96±0.09a 164.39±0.07b 
 
Table C.1 (cont.) 
 Tp (°C) 
Lot 0.5°C/min 1°C/min 5°C/min 10°C/min 25°C/min 50°C/min 
A 139.54±6.73 141.00±0.75b 156.67±0.90a 157.76±0.41b 170.31±1.74a 177.47±0.73a 
B 139.87±1.63 144.55±2.08a 154.01±0.76b 155.04±0.31d 164.53±0.35c 175.32±0.87b 
C 141.03±2.22 143.55±3.38ab 154.99±0.82bc 156.29±0.12c 166.76±0.61b 177.06±0.83a 
D NM 141.09±0.12ab 156.33±0.36ab 160.32±0.38a 166.44±1.03bc 175.35±0.31b 
 
Table C.1 (cont.) 
 ΔH (°C) 
Lot 0.5°C/min 1°C/min 5°C/min 10°C/min 25°C/min 50°C/min 
A 2.62±0.93a 2.58±0.66b 3.46±0.39b 5.52±0.64d 5.24±0.71d 5.20±1.16d 
B 2.49±0.77ab 2.81±0.57b 3.70±0.31b 7.70±0.64b 9.47±0.61b 8.66±0.34b 
C 1.75±0.43b 2.11±0.40b 3.39±0.25b 6.50±0.42c 6.83±0.99c 7.14±1.13c 









Table C.2: Tmonset, Tp, and ΔH values for the large peak of each lot of Sigma sucrose examined in Chapter 4. These values are 
summarized in Figures 4.4, 4.5, and 4.7. Means with the same superscript letter, within each column, are not significantly different (α 
= 0.05). NM = not measured.  
 Tmonset (°C) 
Lot 0.5°C/min 1°C/min 5°C/min 10°C/min 25°C/min 50°C/min 
A 155.86±1.97b 160.89±1.61b 175.18±1.23b 181.78±1.28b 187.66±0.76ab 189.05±0.70ab 
B 154.83±1.96b 161.77±1.95b 176.31±1.28b 182.15±0.84b 187.26±0.86b 188.75±0.43b 
C 158.35±0.83a 164.91±0.92a 180.62±0.70a 186.34±0.41a 188.49±0.32ab 189.72±0.82ab 
D NM 167.58±0.56a 180.78±0.77a 185.60±0.44a 186.71±0.35b 186.83±0.26c 
 
Table C.2 (cont.) 
 Tp (°C) 
Lot 0.5°C/min 1°C/min 5°C/min 10°C/min 25°C/min 50°C/min 
A 164.36±2.20b 169.68±0.79b 184.41±1.14b 190.67±0.25bc 192.89±0.55a 194.08±0.66a 
B 162.93±1.48b 170.26±1.33b 184.81±0.98b 190.11±0.32c 191.89±0.25b 193.28±0.38bc 
C 166.64±0.68a 173.54±0.76a 188.87±0.41a 191.10±0.19a 192.75±0.45a 193.93±0.80ab 
D NM 174.95±0.37a 188.16±0.76a 190.37±0.09bc 191.52±0.17c 192.66±0.03c 
 
Table C.2 (cont.) 
 ΔH (°C) 
Lot 0.5°C/min 1°C/min 5°C/min 10°C/min 25°C/min 50°C/min 
A 124.85±18.24 114.98±9.99 130.70±3.87a 132.90±3.67a 127.40±5.32a 119.72±18.31 
B 117.17±2.51 121.94±2.25 129.20±1.77a 128.25±1.23b 124.45±1.80ab 119.24±4.22 
C 113.35±3.41 118.59±6.13 126.48±4.26a 128.51±1.88b 119.80±6.26b 107.63±7.85 










Table C.3: Total ΔH values (ΔHsmall peak + ΔHlarge peak) for each lot of Sigma sucrose examined in Chapter 4. These values are 
summarized in Figure 4.8. Means with the same superscript letter, within each column, are not significantly different (α = 0.05). NM = 
not measured. 
 Total ΔH (°C) 
Lot 0.5°C/min 1°C/min 5°C/min 10°C/min 25°C/min 50°C/min 
A 127.47±19.07 117.57±10.43 134.16±3.72a 138.42±4.04a 132.64±5.66 124.2±19.01ab 
B 119.66±3.03 124.75±2.47 132.90±1.87a 135.94±1.34ab 133.93±1.29 127.90±4.44ab 
C 115.10±3.45 120.70±6.39 129.87±4.40ab 135.02±1.89ab 126.64±6.99 114.77±8.78b 





Appendix D: DataAnalyzer Software Documentation 
D.1: Program Overview 
Data Analyzer is a simple GUI program to allow for data processing and manipulation. This was 
designed by Averill (2018) to extract data from collected data files. The main purpose was to 
simplify and speed up data processing by avoiding manually cleaning data files and performing 
calculations. 
D.2: Requirements 
 The software shall read in a data file 
 The software shall process that data file and extract data whenever the reaction area is an 
even number 
 An even number is defined as between 2 and 100 inclusive (i.e. {2,4,6,8,...96,98,100}) 
 The software shall use the first reaction area that is equal to or greater than the even 
number 
 The software shall calculate ln(reaction time) 
 The software shall calculate (1/reaction temperature) 
 The software shall store all data that it extracts 
 The software shall allow for exporting of data into a CSV file 
 The software shall allow for exporting based on reaction area 
 The software shall allow for exporting based on reaction temperature 
 The software shall allow for exporting based on compound identity 
 The software shall be able to calculate standard deviation of data 
 The software shall calculate standard deviation based on samples trial at a given reaction 




 The software shall be able to calculate average values for data based on sample identity, 
temperature, and reaction area 
 The software shall have a user interface to facilitate data entry and export 
 The software shall be able to perform a linear regression based on input data 
D.3: Software Architecture 
The software architecture for this system is an object oriented client server architecture. The 
client is the user interface that is used to enter and export the data, with the server being the 
MYSQL database that stores the data. 
D.3.1: Technologies 
This software was built using QT Widgets and C++ for the user interface, and uses a Mysql 
database for data storage. All C++ software was written using QT Creator and QT 5.10.0 
Additionally, it uses python with numpy, scipy, and the csv libaries to perform the linear 
regression. 
D.4: Database Design 
The database design for this software is based on the fact that all data in this system is relational. 
Each individual row of data is related to a Compound, a Temperature and a Trial. Due to this the 
database was broken down into a Samples and Temperatures table, a trial table that maps a 
Temperature and Sample to a trial, and a data table, which is an individual row of data mapped to 




D. 5: Software Implementation 
This software was implemented in QT Creator using QT 5.10.0 and QT widgets. The main user 
interface was constructed out of QT widgets to provide a simple way for the end user to enter 
trials, calculate standard deviation and calculate the average values of trials. 
D.6 Data Input 
Data input into this program was a two-part process. First the user had to define the Trial, 
Temperature, Sample, and Data File in the User Interface. Then the program would take that 
input and begin to processes the input data file. In order to store the data a custom Data Point 





    int trial; //trial number from UI 
    int temperature;//from UI 
    QString compound; //returns ID of a compound 
    //pulled from data; 
    float rxnTime; 
    float rxnTemp; 
    float rxnHeat; 
    float rxnRevCP; 
    int rxnArea; 
    float ln; // calculated from LN(rxnTemp) 




 The main point of work in the Data Input step was to only read data that occurred at a 
specific point of the Reaction Area. In our case the specific point was every time the reaction 
area increased by 2%, essentially the goal was to pull data at 2%, 4%, 6%, …, 98%, 100%. 
 To find when we needed to record a data point the file was looped through and every row 
had its reaction area rounded to two decimal points, then compared to a target value. 
            float target = (float)place; 




            float roundedVal = floor(inVal * 10)/10; 
            //printf("%2f\n",roundedVal); 
            if(roundedVal >= target){ 
                //insert into database. 
                dP->rxnTime = splitList.at(0).toFloat(); 
                dP->rxnTemp = splitList.at(1).toFloat()+273.15; 
                dP->rxnHeat = splitList.at(2).toFloat(); 
                dP->rxnRevCP = splitList.at(3).toFloat(); 
                dP->rxnArea = (int) target; 
                dP->ln = qLn(dP->rxnTime); 
                dP->T = (1/(dP->rxnTemp)); 
 
                db.insertData(dP); 
                place+=2; 
} 
 
 If the rounded value was greater than or equal to the target value its rows were pushed 
into the Data Point Struct. In addition to pushing the rows into the Data Point structure, the 
reaction temperature was incremented by 273.15 (to convert to Kelvin), the natural log of 
reaction time, and the inverse of reaction temperature were calculated and stored. Finally the data 
was pushed into the Database and stored. 
D.7: Calculating Standard Deviation and Averages of Trials 
The calculation of the Standard Deviation and the average of the trials is a user requested action 
that can be performed after the data has been entered. The user clicks the button they call 
setStdDev in the Database Class. setStdDev pulls a list of samples and temperatures, then loops 
through samples and for every temperature in that sample it will calculate the standard deviation 
at every percentage. 
SQL Query: 
update data set stdDev=(select * from(SELECT (sqrt(1/3)*pow(rxnTime-(select 
avg(rxnTime) as dev from trial left join(data) ON (trial.idtrial = data.trialID) 
where sampleID=? AND temperatureID=? and rxnArea=?),2)) from mydb.data where 





Calculating the average follows the same pattern as the calculation of the Standard 
Deviation, with the main difference being the query included below. This was a separate process 
to simplify implementation and reach the required deadline for functional software. 
update data set average=(select avg(rxnTime) as dev  from trial join(SELECT * FROM 
data)as data ON (trial.idtrial = data.trialID) where sampleID=? AND temperatureID=? 
and rxnArea=?) where trialID=? and rxnArea=?") 
 
D.8: Exporting Data 
Exporting data is the exact opposite of the data import, the end user selects a temperature, a 
compound, and a reaction area and the matching data will be exported into a CSV file that can 
then be used in Linear Regression. The output data will have the following columns in the CSV: 
SampleName,replicantID,temperature,rxnTime,rxnArea,ln,T,average,stdDev 
The two main methods of export are to export based on Sample Name, Reaction Area, 
and Temperature, or to export based on Sample Name and Reaction Area for every temperature 
for that sample and area. 
D.9: Linear Regression 
 The linear regression of this data was implemented using SciPy, Numpy, and the CSV 
libraries in python. Python was chosen due to the pre-existing and verified Linear Regression 
libraries that exist. The linear regression code can be found at scipy.org (2014). The program was 
modified to allow the data to be imported from a CSV file, to accommodate the file exported 
from the previous step. 
D.10 Helper SQL Scripts 





D.10.1: Deleting Data 
Data can be deleted based on the Sample Name as well as the Temperature. Edit the 
SampleName= or the Temperature= portions of the query to delete specific data. First run this 
script to remove data in the data table: 
delete from data where trialID in (select idTrial from trial where 
temperatureID=(select idTemperatures from temperatures where temperature=130) and 
SampleID=(select idSamples from samples where SampleName="Sigma")); 
 
Then run this to clear data from the Trial Table: 
delete from trial where temperatureID=(select idTemperatures from temperatures where 
temperature=130) and SampleID=(select idSamples from samples where 
SampleName="Sigma") 
 
D.10.2: Displaying Data 
Display all data based on sample name, temperature, and area: 
select * from mydb.trial join(mydb.data, mydb.temperatures, mydb.samples) 
ON (trial.idtrial = data.trialID and trial.temperatureID = 
temperatures.idTemperatures and trial.sampleID = samples.idSamples) 
where SampleName="Sigma" AND temperature=130 and rxnArea=2; 
 
Get all data by sample name and temperature: 
select * from mydb.trial join(mydb.data, mydb.temperatures, mydb.samples) 
ON (trial.idtrial = data.trialID and trial.temperatureID = 
temperatures.idTemperatures and trial.sampleID = samples.idSamples) 
where SampleName="Sigma" AND temperature=130 
 
Get all data by sample: 
select * from mydb.trial join(mydb.data, mydb.temperatures, mydb.samples) 
ON (trial.idtrial = data.trialID and trial.temperatureID = 
temperatures.idTemperatures and trial.sampleID = samples.idSamples) 
where SampleName="Sigma" 
 
Get all data by sample ordered by temperature: 
select * from mydb.trial join(mydb.data, mydb.temperatures, mydb.samples) 
ON (trial.idtrial = data.trialID and trial.temperatureID = 
temperatures.idTemperatures and trial.sampleID = samples.idSamples) 
where SampleName="Sigma" order by temperatureID ASC 
 
Get all data by sample grouped by reaction area: 




ON (trial.idtrial = data.trialID and trial.temperatureID = 
temperatures.idTemperatures and trial.sampleID = samples.idSamples) 
where SampleName="Sigma" order by rxnArea ASC 
 
Get all data: 
select * from mydb.trial join(mydb.data, mydb.temperatures, mydb.samples) 
ON (trial.idtrial = data.trialID and trial.temperatureID = 
temperatures.idTemperatures and trial.sampleID = samples.idSamples)  
 
Selecting data not at a temperature: 
select SampleName,replicantID,rxnTemp,rxnTime,rxnArea,ln,T,average,stdDev from 
mydb.data join (mydb.trial, mydb.samples,mydb.temperatures) on 
(data.trialID=trial.idTrial and samples.idSamples = trial.sampleID 
and temperatures.idTemperatures= trial.temperatureid) where 
samples.SampleName="Sigma" and temperatures.temperature<>130 and data.rxnArea=2; 
 
D.10.3: Converting all data from Celsius to Kelvin 
One challenge was that all initially imported data was in the wrong units for the initial inputs. To 
convert previously imported data to Kelvin this script which can also be used to convert data 
back to Celsius, was used: 
UPDATE data set rxnTemp = rxnTemp+273.15 
 
After the temperature is updated the Inverse of Temperature was recalculated: 
UPDATE data set T = 1/rxnTemp; 
 
D.11: Areas of Improvement 
The Data base class could be extended to not allow data duplication. Currently it is possible to 
enter the same data twice. This would be the first issue to fix. Second, it would be beneficial to 
implement most of the SQL helper queries given in Section D.10 into the User Interface to 
simplify the end user’s experience. Implementing a data viewer into the user interface would 







Figure D.1: Database diagram for the Data Analyzer program. 
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Appendix E: Sucrose thermal decomposition activation energy as a function of extent of the 
reaction under isothermal conditions 
Table E.1: Activation energy (Ea) values as a function of extent of the reaction for the thermal 
decomposition of Sigma cane, US cane, and US beet sucrose. 
 Ea (kJ/mol) 
Extent of Reaction 
(%) 
Sigma cane US cane US beet 
2 160.76 ± 4.91 213.95 ± 13.44 167.31 ± 2.13 
4 158.79 ± 5.10 198.60 ± 10.94 164.47 ± 2.01 
6 158.25 ± 5.20 190.15 ± 9.41 162.86 ± 2.43 
8 158.20 ± 5.18 184.39 ± 8.36 161.60 ± 2.82 
10 158.24 ± 5.15 179.82 ± 7.57 160.67 ± 3.18 
12 158.48 ± 5.09 176.02 ± 6.98 159.90 ± 3.47 
14 158.71 ± 5.02 172.77 ± 6.46 159.23 ± 3.71 
16 158.97 ± 4.94 169.98 ± 5.99 158.67 ± 3.93 
18 159.07 ± 4.84 167.46 ± 5.58 158.15 ± 4.10 
20 159.32 ± 4.75 165.25 ± 5.23 157.69 ± 4.25 
22 159.82 ± 4.66 163.29 ± 4.90 157.35 ± 4.39 
24 161.14 ± 4.34 161.56 ± 4.62 157.00 ± 4.51 
26 161.96 ± 4.13 159.94 ± 4.37 156.66 ± 4.61 
28 161.83 ± 4.11 158.54 ± 4.16 156.39 ± 4.71 
30 161.51 ± 4.10 157.29 ± 3.97 156.16 ± 4.80 
32 161.20 ± 4.10 156.17 ± 3.80 155.95 ± 4.89 
34 160.83 ± 4.10 155.07 ± 3.63 155.70 ± 4.96 
36 160.44 ± 4.08 154.13 ± 3.50 155.49 ± 5.02 
38 160.12 ± 4.11 153.19 ± 3.35 155.30 ± 5.08 
40 159.73 ± 4.09 152.38 ± 3.22 155.16 ± 5.14 
42 159.23 ± 4.08 151.65 ± 3.11 155.02 ± 5.20 
44 158.98 ± 4.10 150.92 ± 2.99 154.84 ± 5.23 
46 158.52 ± 4.10 150.28 ± 2.90 154.75 ± 5.27 
48 158.15 ± 4.09 149.62 ± 2.79 154.74 ± 5.29 
50 157.74 ± 4.08 149.08 ± 2.70 154.94 ± 5.31 
52 157.28 ± 4.05 148.49 ± 2.61 155.33 ± 5.30 
54 156.92 ± 4.04 147.94 ± 2.52 155.93 ± 5.26 
56 156.54 ± 4.03 147.41 ± 2.42 157.32 ± 5.15 
58 156.12 ± 4.01 146.94 ± 2.35 157.62 ± 5.14 
60 155.76 ± 3.98 146.48 ± 2.26 157.67 ± 5.15 
62 155.33 ± 3.96 146.02 ± 2.18 157.63 ± 5.17 
64 154.95 ± 3.91 145.62 ± 2.11 157.60 ± 5.19 
66 154.60 ± 3.87 145.17 ± 2.03 157.50 ± 5.20 
68 154.23 ± 3.82 144.71 ± 1.96 157.46 ± 5.23 




Table E.1 (cont.) 
72 153.64 ± 3.69 143.79 ± 1.84 157.25 ± 5.28 
74 153.11 ± 3.61 143.30 ± 1.80 157.13 ± 5.30 
76 152.65 ± 3.57 142.82 ± 1.75 157.02 ± 5.32 
78 152.15 ± 3.51 142.34 ± 1.71 156.92 ± 5.35 
80 151.60 ± 3.47 141.80 ± 1.66 156.78 ± 5.37 
82 151.02 ± 3.44 141.25 ± 1.62 156.68 ± 5.37 
84 150.37 ± 3.39 140.71 ± 1.58 156.65 ± 5.39 
86 149.64 ± 3.35 140.18 ± 1.53 156.66 ± 5.41 
88 148.87 ± 3.31 139.58 ± 1.49 156.72 ± 5.42 
90 147.96 ± 3.28 139.01 ± 1.42 156.91 ± 5.43 
92 146.94 ± 3.25 138.50 ± 1.33 157.07 ± 5.47 
94 145.73 ± 3.22 138.10 ± 1.20 157.19 ± 5.51 
96 144.11 ± 3.20 137.92 ± 0.99 157.45 ± 5.58 





Appendix F: Thermal Decomposition Parameters from quasi-isothermal MDSC RevCp 
signal 










130 305 ± 4 518 ± 4 732 ± 5 1.58E-03 ± 0.03E-03 
135 224 ± 7 364 ± 8 504 ± 10 2.30E-03 ± 0.04E-03 
140 95 ± 6 176 ± 6 257 ± 5 3.89E-03 ± 0.13E-03 
145 63 ± 11 115 ± 11 167 ± 11 5.94E-03 ± 0.30E-03 
150 28 ± 1 56 ± 2 83 ± 4 1.08E-02 ± 0.01E-02 
 










130 783 ± 11 1369 ± 9 1958 ± 12 5.86E-04 ± 0.02E-04 
135 517 ± 10 848 ± 10 1182 ± 23 1.01E-03 ± 0.03E-03 
140 257 ± 15 455 ± 6 655 ± 10 1.61E-03 ± 0.10E-03 
145 173 ± 6 301 ± 3 430 ± 8 2.39E-03 ± 0.10E-03 
150 91 ± 2 163 ± 4 234 ± 4 4.06E-03 ± 0.07E-03 
 










130 2072 ± 16 2702 ± 33 3329 ± 22 5.67E-04 ± 0.10E-04 
140 738 ± 46 972 ± 15 1204 ± 22 1.43E-03 ± 0.05E-03 
150 262 ± 5 350 ± 5 437 ± 6 3.35E-03 ± 0.06E-03 
155 142 ± 3 198 ± 2 255 ± 3 5.21E-03 ± 0.17E-03 





Appendix G: Tmonset values for Sigma cane, US cane, and US beet sucrose collected using 
MDSC and DSC 
Table G.1: Summary of Tmonset values for Sigma cane from the total heat flow and RevCp signals 
from MDSC and the total heat flow signal from DSC experiments. The Tmonset from the RevCp 
signal is significantly higher than the Tmonset from either heat flow signal at all heating rates, 
except 0.5 and 1°C/min. Means with the same superscript letter, within each column, are not 
significantly different (α = 0.05). 
 Tmonset (°C) 
































*NC = not collected 
 
Table G.2: Summary of Tmonset values for US cane from the total heat flow and RevCp signals 
from MDSC and the total heat flow signal from DSC experiments. The Tmonset from the RevCp 
signal is significantly higher than the Tmonset from either heat flow signal at all heating rates. 
Means with the same superscript letter, within each column, are not significantly different (α = 
0.05). 
 Tmonset (°C) 







































Table G.3: Summary of Tmonset values for US beet from the total heat flow and RevCp signals 
from MDSC and the total heat flow signal from DSC experiments. The Tmonset from the RevCp 
signal is significantly higher than the Tmonset from either heat flow signal only at 0.04°C/min. 
Means with the same superscript letter, within each column, are not significantly different (α = 
0.05). 
 Tmonset (°C) 
Signal 0.04°C/min 0.2°C/min 0.5°C/min 1°C/min 2°C/min 
MDSC Total 
Heat Flow 
































Appendix H: 1-kestose Certificate of Analysis 
 




Appendix I:Glass transition parameters of melt quench amorphous sucrose created under 
different heating conditions 
Table I.1: Glass transition parameters of melt quench amorphous sucrose formed using different 
heating rates heated to the end of the large peak. Since sucrose loss of crystalline structure is a 
kinetic event, the peaks that are present in the DSC curve shift to increasing temperatures as the 
heating rate increases. This heating rate dependency, combined with the broadening of peaks that 
occurs as heating rate increases, leads to the 43°C difference in maximum temperatures (Tmax) 





Tg, onset (°C) 
Tg, midpoint 
(°C) 
Tg, endpoint (°C) ΔCp (J/g°C) 
0.5 174 20.34 ± 0.71 26.62 ± 0.77 32.90 ± 0.86 0.6949 ± 0.0162 
1 182 23.03 ± 1.56 29.14 ± 1.49 35.26 ± 1.43 0.7087 ± 0.0079 
2.5 190 35.15 ± 1.49 41.69 ± 1.22 48.21 ± 1.08 0.6547 ± 0.0176 
5 194 40.10 ± 1.11 47.77 ± 1.09 55.43 ± 1.39 0.6899 ± 0.0177 
10 202 39.30 ± 1.06 48.75 ± 0.88 58.25 ± 0.81 0.7163 ± 0.0058 
17.5 205 51.53 ± 0.61 57.58 ± 0.56 65.97 ± 0.26 0.6798 ± 0.0146 
25 211 39.87 ± 0.61 49.26 ± 1.02 58.76 ± 1.53 0.6847 ± 0.0198 
37.5 214 40.98 ± 0.71 48.93 ± 0.79 56.90 ± 1.33 0.6592 ± 0.0194 





Appendix J:Thermal profile of 5-hydroxymethylfurfural 
 
Figure J.1: DSC thermal profile of 5-hydroxymethylfurfural (HMF). As discussed in Chapter 9, 
HMF undergoes a glass transition with a Tg midpoint of -75.56°C. It then undergoes cold 
crystallization, with a peak temperature around -38°C, followed by melting with a peak 
temperature around -12°C, followed by another cold crystallization, with a peak temperature 
around -4°C, and a second melting event with a peak temperature around 32°C.  
 
